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SUMMARY 


The  second  fatigue  tester,  described  fully  in  the  Annual 
report  of  October  196l-October  19^2  has  been  used,  after  minor 
modifications ,  to  provide  information  of  the  fatigue  behaviour 
of  four  textile  materials  at  six  ranges  of  twist  and  three 
stroke  levels.  Analysis  of  the  results  has  been  split  into 
three  sections  which  deal  respectively  with  the  optical  appearance 
of  fractured  specimens,  the  statistical  nature  of  fatigue  breakage, 
and  the  possibility  of  predicting  fatigue  failure  by  means  of 
the  known  elastic  recoveiry  properties  of  the  material. 
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CIL'lFTER  4 

GENERAL  REVIEW  OP  E/iRLIER  WORK 
4.1*  Introduction 

+ 

In  the  first  annual  report  the  description  of  a  fixed 
extension  fatigue  tester  and  the  results  obtained  •'.vith  it  have  been 
presented;  the  second  annual  report'  gives  details  of  the  design  and 
construction  of  the  cumulative  extension  fatigue  tester  whereby  slack 
is  removed  at  the  end  of  each  cycle.  A  few  results  were  presented; 
this  report  gives  the  results  together  with  the  analysis  and  inter¬ 
pretation  for  the  whole  testing  programme. 

In  the  cumulative  extension  tester,  specimens,  10  cm.  in 
length,  are  mounted  between  the  pairs  of  jaws.  The  upper  jaws  are 
fixed  to  stiff  phosphor  bronze  beams  fitted  with  resistance  strain 
gauges  so  that  the  tension  in  a  specimen  can  be  detected  and  recorded. 
The  phosphor  bronze  beams  are  mounted  on  a  bar  v/hich  is  subjected  to 
an  adjustable  sinusoidal  displacement  by  means  of  a  reciprocating 
mechanism  attached  to  the  main  drive.  The  lov/er  jaws  are  attached 
to  brass  rods  which  pass  through  a  clamping  device  operated  by 
electromagnets.  The  clamps  are  opened  15°  before  the  upper  jaws  are 
in  their  lov/est  position  in  onder  to  allow  the  slack  to  be  taken  up, 

U.S.Army  Contract  Number  DA-91-591-EUC-1467-01-4&)l-60 
Pinal  Technical  Report  October  1960-0ctober  I96I 

U.S.Aimy  Contract  Number  DA-91-591-EUC-1467-01-4601-60 
Pinal  Technical  Report  October  196l-October  1962 
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and  rcclosed  15°  after  the  lowest  position.  Fixed  to  the  lov/er  ends 
of  the  brass  rods  are  soft  iron  rods  which  extend  into  the  coils  of 
a  mutual  inductance.  The  change  in  mutual  inductance  can  be 
detected,  recorded  and  used  as  a  measure  of  the  cumulative  extension 
of  the  specimen.  In  order  to  prevent  untv/isting  of  the  yarns, 
needles  are  fixed  transversely  to  the  lower  jaws  and  passed  betsveen 
guide  rods.  The  total  mass  of  the  lower  jaw  assembly  is  8,3  g: 
this  makes  up  the  mutual  pretension  u^ed  for  mounting  and  the  tension 
used  to  take  up  slack  after  each  cycle,  \yhen  a  specimen  breaks,  the 
lower  javiT  assembly  drops  down,  and  operates  a  microswitch  which  stops 
a  counter  so  that  tlie  number  of  cycles  to  break  is  recorded.  The 
tests  were  carried  out  at  a  frequency  of  6l  cycles  per  minute.  All 
tests  were  carried  out  in  a  controlled  atmosphere  of  6^  r.h.  and  20°C, 
4.2.  Modifications  Subsequent  to  the  Last  Report 

Improvements  of  the  machine  sirce  its  initial  commissioning 
has  taken  place  in  the  follov/ing  ways: 

(a)  Mechanical  stability  of  the  reciprocating  movement, 

(b)  Modification  of  the  clamping  racchanisra  to  give  greater 

reliability  over  long  running  periods. 

Regarding  the  first  point,  it  was  found  tliat  although  the  system 
referred  to  in  the  last  report  worked  adequately,  there  was  a  marked 
tendency  for  the  peak  of  the  cycle  to  be  flattened  excessively  and 
the  departure  from  the  true  sine  wave  to  become  serious.  This  was 
particularly  noticeable  at  iiigh  strokes  vdiere  the  ratio  of  lengths 
of  connecting  rod  to  effective  crank  radius  became  relatively  small. 
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Another  disadvantage  of  the  first  system  employed  v/as  that  the 
reciprocating  rods  were  constrained  to  pass  through  roamed  holes 
in  brass  housings  and  alt}iough  the  movement  was  also  constrained  by 
the  small  pulleys  running  in  tracks,  it  v/as  found  that  wear  and  con- 
sequent  looseness  in  the  -f"  holes  occurred  /uid  tliis  resulted  in 
occasional  stick-slip  notion  v/hich  could  n.  t  be  tolerated. 

Pig.  69  shows  the  nev/  system  wiiich  has  been  evolved,  A  and  B 
are  Ransome  and  Maries  linL.ar  bearings  which  are  in  housings 
screv^ed  to  the  base  plate.  As  can  be  seen,  the  distance  from  C  to  D 
has  been  considerably  increased  and  this  has  effectively  prevented 
flattening  of  the  sine  wave.  The  movement  is  also  much  smoother  and 
providing  it  is  maintained  regularly  v/ith  the  help  of  a  little 
molybdenum  disulphide  grease  on  tlie  ball  races,  it  is  capable  of 
rainning  non-stop  for  very  long  periods. 

The  steel  pin  shov/n  at  the  top  of  Pig.  69  is  adjustable  with 
respect  to  a  steel  disc,  keyed  on  to  the  mainsliaft.  The  eccentric 
disc  has  the  3/l6"  dia,  pin  at  its  centre  and  this  pin  supports  the 
v/eight  of  the  reciprocating  movement. 

The  distance  of  the  centre  of  the  pin  from  the  centre  of  the 
raainshaft  can  be  varied  between  0  and  1.25  cm,  v/hich  facilitates 
strokes  of  up  to  23^  of  the  gauge  length,  A  millimietre  scale  is 
screwed  to  the  disc  and  it  is  possible  to  set  the  stroke  to  better 
than  O.IC^. 

The  second  improvement  which  has  been  found  necessary  is 
alteration  of  the  method  of  clamping,  although  the  principle  remains 
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the  same  as  previously.  It  v/as  found,  particularly  at  high  strokes, 
that  it  1)00.01116  increasingly  difficult  to  claiiip  the  20  brass  rods 
simultaneously  over  a  length  of  aLoost  3  feet,  This  system  used  3 
electromagnets;  the  present  system  uses  4  electromagnets  and  the 
bank  of  stations  has  been  sj.'lit  into  tv/o  sections  of  8  stations  each. 


It  is  found  that  clamping  is  great ].y  impro\\:d„  The  new  system  does, 
however,  mean  a  drop  of  2G/i  in  the  number  of  stations  being  used, 

Anothei*  problemi  which  arises  alth  long  period  running  of  the 
machine  is  that  of  overiioating  of  the  electromagnets,  the  design  of 
vdiich  incorporates  a  v/ax  used  for  insulation  purposes.  After  long 
running  times,  the  melting  of  this  wax  v/as  found  very  troublesome  and 
its  removal  entailed  stripping  dovai  the  electromagnets  and  a  thorough 
clean  with  either  carbon  tetrachloride  or  trichloroethylene. 

It  was  decided,  that  a  cooling  system  could  be  used  to  remedy 
this  difficulty  and  a  jacket  consisting  of  3/32"  bore  copper  tubing 
has  been  constructed  and  fitted  in  close  proxiiaity  to  each  of  the 
four  electromagnets 0 

A  slow  flow  of  v/ater  is  fed  through  the  system,  arranged  in 
series ,  and  on  a  spot  chock  th"  temperature  of  the  v\/ater  v/as  found  to 
have  risen  by  0°C,  during  passage  through  the  system. 


A  photogra.ph  of  the  tester  vrlth  these  modifications  having 


been  carried  out  is  shown  in  Fig>,70„ 


The  control  board  is  also 


shown. 


FIG.  70  THE  SECOND  FATIGUE  TESTER  CAFTER  MODIFICATION') 
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CHAPTSR  5 


EXPEREWl’AL  RESULTS 

5.1«  Choice  of  Strokes  of  lasting; 

After  preliminary  experiments  had  been  made  and  the  behaviour 
of  the  various  types  of  material  lender  fatigue  conditions  had  been 
studied,  the  strokes  given  in  Table  XXVI  wc^'re  used  for  the  yarns  shown, 

TABLE  XXVI 


Stroke  ^ 

2i 

5 

7i 

10 

124 

- 

NOMINAL  0 

VA 

VA 

T 

VANT 

NT 

N 

T.P.I.  10 

VA 

VA 

T 

VANT 

NT 

N 

20 

VA 

VA 

T 

VANT 

NT 

N 

30 

VA 

VA 

T 

VANT 

NT 

N 

43 

VA 

VA 

T 

ViiNT 

NT 

N 

65 

VA 

VA 

- 

T 

VANT 

NT 

N 

V  Viscose  N  Nylon 

A  Acetate  T  Terylene 


The  three  main  variables  associated  with  the  tests  are  the 
stress,  the  instantaneous  length  ,and  the  niamber  of  cycles  to  break. 
These  three  variables  have  been  found  for  each  of  the  insertions  in 
the  table  above, 

3,2,  A  Typical  Record  Chart 

A  typical  trace  from  which  readings  of  tension  and  length  are 
made  is  shoTO  in  Pig. 71.  can  be  scon  three  galvanometers  are 

being  used,  one  for  length  measurements  (A.C.  50  c/s),  one  for 
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tension  measurements  (modified  D,C.  sine  wave)  and  a  third  as  a 
timing  trace.  The  frequency  of  this  trace  is  6l  cycles  per  minute 
and  for  clarily  of  reproduction  the  A.C.  signal  lias  been  reduced  in 
the  diagram  to  one  third  of  its  actual  frequency. 

When  the  electromagnetic  claiips  open,  indicated  by  the  sharp 
fall  in  the  timing  trace,  it  can  be  seen  that  there  is  a  short  time 
lag  (approximately  70  milliseconds)  before  the  lower  jaw  assembly 
falls  to  its  new  position.  This  is  also  shown  up  by  the  impact 
tension  on  the  yarn  at  this  point  v/hich  amounts  to  approximately  15 
grams.  The  tension  on  the  yam  then  drops  to  8,3  grams,  the  weight 
of  the  lower  jaw  assembly.  The  electromagnetic  clamps  then  close 
and  there  is  another  short  time  lag  before  the  tension  in  the  yarn 
begins  to  increase  on  the  upstroke  of  the  oscillating  movement.  The 
two  time  lags  are  caused  by  the  finite  length  of  time  required  for  the 
hard  rubber  jaws  of  the  electromagnetic  clamp  to  contact  and  grip  the 
brass  section  of  the  lower  jav/  assembly.  It  is  to  be  noticed  that 
the  amplitude  of  the  A.C.  signal  does  not  alter  while  the  yarn  is 
being  extended;  if  this  were  not  the  case,  then  slippage  in  the 
clamp  is  occurring. 


Change  in  Length  During  Cycling 

Prom  Pigs, 72-79,  which  show  the  increase  in  extension^, 


with  number  of  cycles  for  the  4  types  of  material,  it  can  be  seen 


that  in  general  there  is  a  relatively  large  increase  in  length 


during  the  first  100  cycles  follov/ed  by  smaller  increases  above 


this  value  up  to  the  breaking  point. 
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The  y-axis  values  corresponding  to  the  maximum  number  of 
cycles  do  not  represent  the  breaking  extension  values.  To  achieve 
the  breaking  extension  values,  the  stroke  per  cent  must  be  added  to 
the  y-axis  values. 

The  effect  of  stroke  length  upon  the  number  of  cycles 
endured  is  naturally  quite  marked  and  the  graphs  suggest  that  at  lov; 
strokes  there  may  be  a  limiting  value  of  extension  which  the  yarn 
attains  quickly  and  then  maintains  for  lafge  numbers  of  cycles. 

Due  to  the  vertical  scales  being  identical  comparison  can  be 
made  betv/een  the  rayon  and  synthetic  yarns.  However,  the  initial 
strokes  are  different  and  the  only  values  which  are  directly  comparable 
on  a  relative  scale  are  the  values  at  the  IC^  stroke. 

Considering  the  results  for  viscose  and  acetate  (Pigs. 72-75) 
it  would  seem  that  acetate  can  v/ithstand  fatigue  conditions  under  low 
strains  better  than  viscose,  in  that  its  increase  in  length  per  cycle 
is  very  much  smaller.  This  is  clearly  due  to  the  effect  of  over¬ 
reaching  the  elastic  limit  in  the  viscose  material,  the  yield  strains 
being  2.C^  for  viscose  and  3.^  for  acetate. 

This  effect  is  predominant  at  the  2-^  stroke  level,  still 
present  at  the  ^  level,  but  unnoticeable  at  the  IC^  level  (v/hen  the 
shape  of  the  stress-strain  curve  far  above  the  yield  point  is  the 
dominating  factor). 

Increase  in  twist  factor  of  the  yarn  causes  a  decrease  in 
the  extension  {%)  per  cycle.  This  is  to  be  expected  since  the  yarn 
elastic  recovery  becomes  greator  as  the  turns  per  unit  length  in  the 
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yarn  is  increased.  This  means  that  for  a  given  strain,  the  permanent 
extension  accruing  after  the  first  cycle  is  greater  for  a  yarn  with  a 
lov/  t^vlst  factor  than  for  one  with  a  high  twist  factoi’. 

Tlie  effect  of  elastic  recovery  properties  on  the  fatigue 
behaviour  is  discussed  in  Chapter  'i. 

Some  difficulty  arises  in  detenr.ining  the  end  point  of  the 
extension- time  grapiis  due  to  the  distribution  of  number  of  cycles  to 
break.  It  does  not  follow  that  the  extension- time  graph  can  be 
extrapolated  beyond  observed  values  to  include  those  yarns  which 
fracture  at  a  greater  number  of  cycles.  Neither  does  it  follow  that 
all  the  specimens  from  a  certain  sample  will  fracture  at  the  same 
breaking  extension. 

The  procedure  adopted  in  the  graphs  has  been  to  show  the 
curve  throiigh  the  observed  values  but  extrapolation  to  tiie  breaking 
point  has  not  been  carried  out.  Each  curve  sliown  represents  only 
one  specimen  which,  although  typical,  does  not  provide  the  whole 
picture  of  tlie  fatigue  behaviour  for  the  sample. 

The  distribution  of  number  of  cycles  to  break  is  discussed 
more  fully  under  the  heading  of  survivor  diagrams  later  in  this 
chapter,  but  a  general  guide  to  the  variability  observed  in 
extension  as  a  function  of  number  of  cycles  is  that  if  the  exten¬ 
sion  at  a  given  number  of  cycles  is  allotted  the  figure  of  100, 
then  9^  of  the  number  of  observed  readings  vdll  fall  between 
figures  of  75  and  125,  i.e.  -  255^. 

One  interesting  feature  for  the  results  for  viscose  and 
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acetate  is  that  at  the  2-^  stroke  level,  1,0,  v/hen  the  yams  endure 

4 

at  least  10  cycles,  the  eventual  hreaking  extension  is  much  lower  than 
at  the  ^  and  IC^  levels..  The  reasons  for  this  are  not  fully 
understood,  but  it  is  very  likely  that  severe  clianges  in  modulus, 
due  to  the  repeated  cycling  aiiJ  meelianical  conditioning,  take  place. 
Due  to  the  action  of  the  repeated  stress  r'^er  long  peiiods,  the  yarn 
will  behave  more  and  more  like  a  glass  fibre,  the  molecules  of  the 
structure  becoming  more  oriented  along  the  fibre  axis.  This, 
together  with  the  contraction  in  yam  diameter  and  individual  filament 
diameter,  caused  by  extension,  v/ould  account  for  a  severe  change  in 
modulus.  Another  factor  v/hich  no  doubt  affects  the  final  breaking 
extension  value  is  the  amount  of  internal  heat  generated  as  a  result 
of  repeated  cycling.  Evidence  to  support  this  change  in  modulus  is  to 
be  found  in  observation  of  saiiples  of  yarn  v;hich  have  broken  after 
(say)  10^  cycles,  yilthough  the  specimen  is  seen  to  be  completely 
broken,  the  lower  section  of  the  yarn  reijiains  stiff  and  almost 
vertical  in  the  lower  jaw  and  even  after  12  hours,  at  least  7^  of 
the  length  of  the  lower  section  of  the  broken  specimen  was  observed  to 
be  vertical. 

Regarding  the  results  for  nylon  and  Terylene  shov/n  in  Pigs, 
76-79,  the  trend  of  development  of  perman.mt  set  is  not  dissimilar 
to  the  rayons,  but  the  rlmportant  p^mt  to  note  is  the  increase  in 
stroke  levels  to  produce  a  similar  deformation  for  the  same  number 
of  cycles. 

The  results  for  nylon  at  stroke  and  for  Terylene  at  J^o 
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stroke  appear  to  bo  similar  as  regards  number  of  cycles  endured  and 
this  suggests  immediately  that  nylon  is  superior  to  Terylonc  regarding 
fatigue  resistance  at  strain  levels  above  ~l^o. 

Once  again,  increase  in  t\’d.st  in  general,  is 33011  to  increase 
the  fatigue  life  of  the  specimen,  but  there  is  an  abnormality  in  the 
case  of  nylon  65  t.p.i, ,  viiiich  although  having  a  long  fatigue  life 
appears  to  gro;v  in  permanent  set  more  quickly  than  its  more  lov/ly 
tvdsted  companions.  The  values  for  extension  at  break  arc  lower  than 
the  tensile  (instron)  values  by  a  multiplying  factor  of  approximately 
0,70  and  this  v/ould  suggest  that  the  fatigue  effect  is  definitely 
present  and  that  the  yarns  are  not  just  merely  approaching  the  brealcing 
extension  gradually.  It  is,  however,  difficult  to  be  dogmatic  on 
this  point  due  to  the  large  spread  in  both  sets  of  breaking  extension 
values. 

3,4.  Change  in  Stress  During  Cyiing 

Measurements  of  the  peak  output  from  the  strain  gauge  bridges 
are  made  concurrently  vdth  the  length  measurements  and  after  using 
the  appropriate  calibration  curve,  values  of  tension  are  obtained  at 
a  progressive  number  of  c^^'cles  throughout  the  test. 

The  values  of  specific  stress  (load  divided  by  mass  per  unit 
length)  are  calculated  by  dividing  the  observed  tensions  by  the  tex 
values  of  the  yarn.  The  units  are  then  g.wt/tex;  in  the  diagrams 
and  in  all  references  to  the  word  stress,  specific  stress  should  be 
understood, 

Figs.80-83  show  the  values  of  stress  obtained  for  viscose 
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and  acetate  yarns  at  three  stroke  levels  and  for  6  values  of  twist 
factor. 

It  is  significant  that  the  increase  in  stress  betv/een  the 
beginning  and  the  peak  value  of  a  test  is  far  more  marked  for  highly 
t^visted  yarns  than  for  those  of  lov/er  tv/ist  factor.  The  increases 
range  progressively  from  approximately  IC^  for  the  0  t,p,i.  sample  to 
approximately  5C^  for  the  65  t.p.i.  sample.  This  is  to  be  expected 
due  to  the  different  geometrical  structure,  the  filaments  in  the  more 
highly  twisted  yarn  not  liaving  as  much  freedom  and  therefore  suffering 
higher  stresses  if  the  stiucture  is  altered  axially. 

The  values  of  stress  on  the  first  cycle  are  observed  to 
decrease  as  the  tvdst  factor  is  increased.  This  vindicates  the  fact 
that  the  component  of  the  stress  in  the  filament  in  the  direction  of 
the  yarn  axis  is  smaller  for  a  highly  twisted  yarn;  the  initial  stress 
endured  by  the  yam,  which  is  composed  of  the  individual  filaments, 
is  therefore  reduced  as  the  twist  factor  is  increased. 

The  effect  of  stroke  level  is  very  marked  and  this  is  a  direct 
consequence  determined  by  the  portion  of  the  stress-strain  curve  under 
observation. 

In  both  the  viscose  and  the  acetate  samples ,  the  peak  stress 
obtaining  throughout  the  life  of  the  specimen  does  not  approach  the 
tensile  tenacity  for  that  specimen  and  values  of  the  peak  stress  are 
seen  to  be  sometimes  as  low  as  60^  of  the  tenacity  value.  This  fact 
is  certainly  significant  and  suggests,  as  do  the  results  for 
extension,  that  the  structural  changes  as  a  result  of  the  mechanical 
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conditioning  process  of  repeated  cycling  are  very  apparent  and  sub¬ 
sequent  modification  of  basic  properties  is  a  direct  consequence. 
Considering  Pigs.  84.-87,  the  results  for  nylon  and  Terylene, 
it  is  evident  that,  discarding  the  effect  of  stroke  level,  similar 
arguments  to  those  expressed  above  for  viscose  and  acetate  regarding 
changes  in  stress  during  cycling,  apply  in  this  case  also.  One 
interesting  feature  of  these  results  is  that  at  the  level  at  Avhich 
the  yarns  break  quickly  (12-^  stroke  for  Terylene,  stroke  for 
nylon) ,  the  peak:  stress  during  the  life  exceeds  the  value  of  tenacity 
as  given  by  the  Instron  tests.  This  observation  appears  at  all  twist 
levels.  This  poses  the  question  of  v/hether  the  material  is  being 
work- hardened;  hov/evor,  the  results  probably  merely  reflect  the 
increased  rate  of  extension  during  the  test,  the  fatigue  tests  being 
carried  out  at  180  cm/rnin,  the  tensile  tests  at  5  cm/min. 

In  all  the  tests  involving  change  in  stress  during  cycling 
(including  those  for  viscose  and  acetate) ,  there  is  a  peak  stress 
which  does  not  always  correspond  to  the  breaking  stress.  This 
phenomenon  is  due  to  the  fact  that  filaments  are  breaking  after  the 
peak  stress  has  been  reached  and  the  maximum  tension  in  the  cycle  as 
recorded  by  the  strain  gauges  vd.ll  be  decreased.  The  effect  of 
filament  breakage  on  the  fatigue  life  of  the  specimen  is  not  easy  to 
analyse,  chiefly  because  it  is  virtually  impossible  to  count  the 
number  of  filaments  actually  broken  at  any  stage  of  the  test;  in 
particular  for  highly  twisted  yarns,  the  ends  of  broken  filaments 
often  hide  inside  the  main  body  of  the  yarn. 
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Tensile  Tests  on  Unbroken  Specimens 

At  %  stroke,  neither  nylon  nor  Tory  lone  .samples  v/erc  found 
to  break  and  it  was  decided  to  compare  the  properties  of  these  yarns 
after  fatiguing;  tliem  to  a  large  number  of  cycles  with  the  original 
yarn. 

Two  sets  of  tests  were  performed:  in  the  first ,8  samples  of 
nylon  30  t.p.i,  were  subjected  to  300,000  cycles  without  failure  and 
then  transferred  to  the  Instron  tester  and  broken.  In  the  sticond 
test,  13  sjunples  of  Terylene  0  t.p.i.  were  taken  to  145,732  cycles 
and  similcurly  broken. 

The  results  for  these  two  tests  and  comparison  with  the  tensile 
tests  on  the  original  yarn  .are  shown  in  T.able  XXVII. 

TABLE  XXVII 


Properties 

Nylon  Y)  tpij  Terylene  0  tpi  j 

O.T. 

T.P. 

..  . 

O.T. 

T.P. 

Breaking  Extn,^ 

22.91 

20.34 

18.28 

10.80 

Tenacity  g,v/t/tex 

38.69 

38.44 

M..38 

39.94 

Initial  Permanent 

Extn.  ^ 

_  _ 1 

0.0^ 

0.93 

|_  ... 

0.00 

3.9C 

Modulus  (g.v^t/tex)  |240.2 

218.8 

1047 

788.9 

O.T,  =  Ordinary  tensile  break 
T.P.  =  Tensile  after  fatigue 

It  is  apparent  from  this  table  that  the  repeated  cycling 

does  have  an  effect  on  the  basic  properties  of  the  material, 

particularly  in  the  case  of  Terylene,  The  drop  in  modulus  is  not 
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understood  and  seems  contrary  to  expectation.  It  is  possible  that 
nylon  and  Torylene  do  show  different  behaviour  regarding  modulus 
change  and  the  observation  on  the  increase  in  rigidity  was  made  on 
a  viscose  specimen, 

Number  of  Cycles  to  3i-eaka.ge 

As  has  already  been  mentioned  in  the  discussion  on  the  changes 
in  length  during  cycling,  the  results  for  number  of  cycles  to  break 
shov/  a  wide  scatter  and  to  illustrate  the  spread,  survivor  diagrams 
have  been  drawn.  In  the  survivor  diagram,  the  numbers  of  cycles  to 
break  are  arranged  in  ascending  order  and  plotted  successively,  until 
no  specimens  remain.  The  actual  graph  appears  as  an  uneven  step- 
ladder  so  that  at  any  given  number  of  cycles  the  number  of  specimens 
surviving  is  readily  kno^ivn. 

Tv/enty  specimens  per  sample  from  each  of  the  4  yarns,  at  6 
ranges  of  t^dst  and  3  stroke  levels,  have  been  used  and  the  results 
appear  in  Pigs. 88-99. 

It  has  been  found  inadvisable  to  draw  a  smooth  curve  to 
represent  the  scatter  for  several  reasons: 

(a)  A  smooth  curve  would  infer  that  at  a  certain  number  of 
cycles,  a  fraction  of  a  number  of  specimens,  e.g.  19'f  exist  which  is 
clearly  not  feasible, 

(b)  If  the  vertical  axis  is  represented  by  survivors  %  to 
take  account  of  (a),  then  the  curve  draiwi  ouglit  to  be  typical  of  the 
population  from  which  the  sample  is  drawn.  As  only  20  specimens 
have  been  used,  tliis  technique  would  be  misrepresentative,be<aa3:;fie.  the 
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sigmoid  for  the  population  would  be  much  flatter  due  to  the  extreme 
values* 

(c)  If  a  smooth  curve  were  to  be  dravm,  it  would  be  difficult 
to  decide  upon  the  end  points  through  which  it  should  pass.  Clearly 
there  is  a  finite  ciiance  that  a  yam  vdll  break  upon  the  first  cycle 
and  it  may  seem  reasonable  to  start  the  curve  at  this  point. 

However,  at  the  lov/er  end  of  the  step-ladder,  where  the  last  plotted 
point  is  on  the  horizontal  axis,  it  is  not  correct  to  join  the  curve 
to  this  point  because  there  is  a  cliance  that  other  values  would  be  in 
excess  of  this  value  of  number  of  cycles.  It  is  not  logical,  however, 
to  say  that  the  smooth  curve  approaches  the  horizontal  axis 
asymptotically,  and  will  meet  it  at  infinity,  because  even  if  an 
infinite  number  of  specimens  vrero  tested,  they  vrould  all  break  in  a 
finite  number  of  cycles. 

In  the  diagrams ,  the  effect  of  stroke  level  is  seen  once  again 
to  be  predominant,  with  several  yarns  breaking  below  IG  cycles  for 
the  higher  strokes.  In  general,  an  increase  in  the  ti/vist  factor  of 
the  yams  produces  more  scatter,  which  might  be  expected  due  to  the 
higher  mean  value  of  cycles  endured  for  the  higher  twisted  yams, 

A  more  detailed  examination  of  the  statistics  involved  in  studies  of 
the  probability  of  breakage  due  to  fatigue  is  given  in  Chapter  7. 

5,7.  Discussion  of  the  Results 

From  the  results  outlined  above,  there  does  seem  good 
evidence  that  repeated  cycling  has  a  marked  effect  on  the  basic 
mechanical  properties  of  the  yarns.  The  picture  is  clouded  by  the 
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variability  not  only  between  samples  but  between  specimens  from  those 
samples.  Twist  factor  does  appear  to  affect  the  extension  and  the 
stress  developed  in  the  yarn  for  all  the  types  of  material  tested. 

To  gain  further  evidence  of  the  behaviour  of  the  yams  under 
fatigue  conditions,  a  physical  approach  involving  visual  assessment 
of  fractured  filaments  has  been  undertaken  and  the  next  chapter, 
Chapter  6,  discusses  optical  techniques  for  use  in  studies  on  breakage 
and  photographs  showing  some  other  aspects  of  the  fatigue  process  are 
presented. 
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CHAPTER  6 

PHOTOMICROGRAPHY  OP  FRACTUr{ED  SPECHyiENS 

6tl«  Introduction  to  the  Sub.ject 

The  art  of  taking  photographs  shov/ing  detail  of  textile  fibres 
is  not  an  easy  one  to  accomplish.  It  is  very  easy  to  produce  artefacts 
and  misrepresentations  unconsciously. 

Particularly  in  a  study  of  fractured  filaments  the  dangers  of 
misinterpreting  cavities,  particles, cracks  and  surface  scratches  cannot 
be  overemphasised.  It  is  worth  mentioning  the  merits  of  5  methods 
of  obtaining  information  from  fibre  microscopy, 

1,  Direct  Microscope  studies 

2,  Polarised  light 

3,  Phase-contrast  equipment 

4,  Interference  microscopy 

5,  Surface  microscopy,  including  electron  microscopy, 

(1)  Direct  Microscope  Studies 

This  branch  of  study,  a  common  one,  is  ideal  for  discovering 
the  internal  details  of  specimens,  for  example  internal  air  bubbles, 
particles  of  delustrant,  and  other  foreigh  bodies. 

By  making  use  of  reflected  light  as  opposed  to  the  ordinaiy 
transmitted  light,  other  information  can  be  gained  about  the  nature  of 
particles,  particularly  if  the  specimen  is  inmersed  in  oil  and  oil 
imnersion  objectives  are  used.  Due  to  a  particular  particle,  for 
example,  titanium  dioxide  in  Nylon,  possessing  a  differing  refractive 
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index  from  that  of  its  surroundings,  it  vdll  reflect  light  and  appear 
as  a  "bright  spot  in  the  field  of  viev/  as  opposed  to  a  cavity  which  will 
appear  dark  and  will  not  reflect  light. 

For  direct  microscope  work,  mountants  possessing  refractive 
indices  very  close  to  those  of  the  fibres  under  observation  should  be 
used.  This  device  renders  the  fibres  almost  transparent  and  any 
inhomogeneities  will  be  emphasised. 

As  i^  v;ell  knovm,  many  textile  fibres  are  birefringent  and 
possess  tv/D  differing  refractive  indices;  it  is  therefore  advisable 
to  choose  one  of  these  and  biaving  done  so,  make  use  of  a  mountant 
matching  this  refractive  index, 

A  list  of  tliG  refractive  indices  of  the  four  fibres  under 
study  is  given  in  Table  XXVIII, 

TAEIl]  XXVIll 


7/ 

n 

1 

Viscose 

1.559 

1.519 

Acetate 

1.476 

1.470 

Nylon 

1.582 

1.519 

Terylene 

1.725 

1.537 

For  the  first  tiiree  fibres  named,  a  mixture  of  butyl  stearate 
(  n  =  1,4446)  and  tricresyl  phosphate  (  n  =  1.5586)  can  be  used. 

For  nylon,  tricresyl  phosphate  may  be  used  alone  or  otheiTwise  cedar- 
v/ood  oil,  n  =  1.510.  For  acetate  fibres,  it  is  pennissible  to  use 
liquid  paraffin  (  n  =  1.470) • 

If  a  mixture  is  used  it  should  be  prepared  according  to  the 
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v/here  and  are  the  refractive  indices  of  the  constituents 

and  the  mixture  respectively  and  v^  and  the  voluiaesof  the  separate 
constituents  used. 

For  fibres  v/ith  refractive  indices  betv/een  1.5586  and  I.658O, 
a  mixture  of  tricresyl  phosphate  and  monobromoncaphthalene  should  be 
used.  The  latter  named  chemical  has  n  r:  1,658. 


Above  this  range,  a  mixture  of  monobromonaphthalene  and  di-iodo~ 
methane  (methylene  iodide),  n  _  1.74^^  may  be  used,  Terylene  can  be 
observed  v/ell  in  a  mdxture  <£  1  part  oi’  monobromonaphthalene  and  3 
parts  of  methylene  iodide, 

(2)  Polarised  Light 

This  technique  is  very  useful  for  gaining  infomation  about 
cracks  and  surface  markings  v/hich  v/ould  not  be  seen  in  direct  light  or 
indeed  vdth  the  polars  at  45^^.  4t  the  orthogonal  or  extinction 
position,  the  background  is  black  and  any  surface  marks  or  cracks 
appear  light.  It  is  sometimes  difficult  to  pick  out  the  boundary 
of  the  filament  at  the  orthogonal  position  and  it  is  possibly  better 
from  the  point  of  viev/  of  definition  of  boundaries  to  use  the  polars 
at  about  88°  to  each  other, 

(3)  Phase-Contrast 

Phase- contrast  equipment  is  principally  used  to  provide 
information  regarding  depth  of  cracks  and  the  irregularities  of  a 
surface.  For  example  with  mica,  the  step  will  a.ppear  as  light 
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(4)  Interference  Microscopy 

The  surface  of  fibres  can  be  viov/ed  quite  v/ell  using  a  technique 
v/hich  employs  a  fibre  bent  into  an  arc;  v/ith  a  coverglass  just 
touching  the  fibre  and  viev/ed  v/ith  a  double  beam  interferometer, 
Newton’s  rings  v/ill  appear  and  v/ill  be  distorted  if  inhomogeneities 
are  present, 

(5)  Surface  Microscopy 

This  process  is  probably  the  most  successful  and  least  used 
of  all  microscopic  techniques.  The  principle  is  to  choose  a  mountant 
having  a  widely  different  refractive  index  from  that  of  the  fibre  and 
thus  to  throv/  out  the  surface  of  the  fibre  in  deep  contrast, 

A  mountant  recommended  is  methylene  iodide  which  is  saturated 
with  sulphur  (n  =  1.79).  ^his  is  obtained  from  B.D.H.  It  can  be 
used  for  all  fibres  and  does  show  the  surface  as  opposed  to  internal 
structural  details. 

It  is  preferable  to  use  a  mountant  with  a  higher  refractive 
index  than  the  fibre  because  the  depth  of  focus  is  dependent  upon  the 
refractive  index  and  increases  in  proportion. 

As  a  means  of  checking  results,  which  is  always  preferable  if 
possible,  impression  microscopy  using  replica  techniques  may  be  used, 

A  useful  mountant  for  this  is  a  mixture  cf  %  polystyrene  and  97^ 

Xylol,  The  merits  of  electron  microscopy,  which  is  unsurpassed  for 
fine  detail  at  hi^  magnification  are  not  discussed  in  this  very- 
brief  survey. 

In  surface  microscopy  it  is  preferable  though  costly  to  use 
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an  objective  possessing  a  correction  collar,  v/liich  is  designed  to 
correct  the  errors  caused  by  the  finite  thickness  of  the  cover  glass. 

In  the  present  study,  neitlier  phase  contrast  equipment  nor 
interference  microscopy  have  been  employed,  but  liberal  use  has  been 
made  of  the  other  teclaniquas  outlined  above, 

6.2,  Apparatus 

The  Yfetson  seia/'ice  microscope  fitted  vd.th  4  mm,  8  mm  and  l6 
mm  objectives  has  been  used  throughout  the  experiments.  An  additional 
objective  (X97)  has  been  used  occasionally. 

The  microscope  was  used  in  conjunction  with  its  eyepiece  camera 
(X-|-)  which  holds  quarter  plates. 

To  ensure  that  the  optical  centres  of  the  microscope  are 
aligned  and  that  K^ohler  illumination  is  present,  the  follovdng  steps 
were  taken: 


(1)  Ensure  that  the  lamp  filament  and  the  centre  of  the  field 
condenser  are  in  a  horizontal  plane, 

(2)  Adjust  the  relative  heights  of  the  lamp  and  the  centre  of  the 
microscope  mirror  by  suitable  inserts  beneath  the  supports  until  the 
light  from  the  lanp  filament  is  at  the  optical  centre  of  the  microscope 
mirror.  The  mirror  should  then  be  tilted  to  45°  to  the  horizontal*. 

(3)  By  sliding  the  laimp  housing  along  its  adjustment  bars,  a 
position  v/ill  be  found  at  which  the  image  of  the  lamp  filament  (in 
this  case  rectangular)  is  sharp  on  the  loaves  of  the  substage 
diaphragm.  Lock  the  lamp  position  at  this  point, 

(4)  Close  the  field  diaphragm  to  a  minimum  and  close  the  substage 
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ills  to  a  point  near  to  its  minimum, 

(5)  By  having  a  pin  hole  in  the  position  of  the  eyepiece,  it  is 
possible  to  reach  a  position  where  the  3  pin  holes,  viz,  field 
diaphragm,  iris  substage  diaphragm  and  eyepiece,  are  in  optical 
alignment.  If  this  is  not  found  to  be  true,  the  adjustment  screws 
for  centering  the  substage  condenser  should  be  used  until  there  is  no 
alteration  in  the  intensity  of  the  light  through  the  3  pinholes  for 
vertical  movements  of  either  the  substage  condenser  or  the  microscope 
dravrbube.  The  microscope  and  lamp  are  now  optically  aligned, 

(6)  Open  the  field  diaphragm  slightly  and  observe  that  the  centre 
of  the  image  remains  central  when  the  substage  condenser  is  moved 
vertically, 

(7)  Place  a  specimen  on  the  stage  of  the  microscope,  and  bring 
it  into  focus  for  the  objective  to  be  used.  Rack  up  the  condenser 
until  the  image  of  the  field  diaphragm  is  in  the  plane  of  the  specimen 
and  both  are  in  shai^  focus, 

(8)  Open  the  field  diaphragm  until  the  image  fills  or  is  slightly 
in  excess  of  the  area  of  the  objective  aperture.  Open  the  substage 
iris  until  the  required  intensity  of  light  is  found.  The  field  of 
view  is  now  evenly  illuminated, 

(9)  The  lanp  and  the  microscope  should  be  firmly  attached  to  the 
bench  so  that  relative  movement  is  rendered  impossible,  otherwise  the 
above  procedure  will  have  to  be  repeated  for  each  setting-up  of  the 


microscope. 
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iJ.  Mounting:  of  the  Specimens 

At  the  close  of  a  fatigue  test,  after  eacli  yarn  had  fractured, 
samples  of  the  broken  speciniens  v/ere  taken  from  the  jaws  and  mounted  on 
microscope  slides.  Cleanliness  of  both  the  slide  and  the  cover  glass 
were  found  to  be  essential.  Care  was  taken  to  cavoid  air  pockets  in 
the  mountant  by  ensuring  ttiat  the  cover  glass  was  lowered  on  to  the 
specimen  as  slowly  as  possible;  the  film  of  mountant  should  be  aa.  thin 
as  possible. 

In  the  early  stages  of  the  work,  liquid  paraffin  (n  =  1.470) 
was  used  as  the  mountant,  but  in  subsequent  v;ork,  it  was  found  that 
monobromonaphthalene  and  di-iodo-me thane  proved  to  be  more  useful 
mountants  to  provide  information  about  surface  effects. 

In  all,  170  slides  were  prepared,  Wlien  the  use  of  di-iodo 
methane  was  made,  the  information  from  microscopic  observation  had  to 
be  gained  rapidly  and  photomicrographs  taken  within  2  hours  of  mounting, 
because  of  the  evaporation  of  the  mount.ant,  .Although  sealing  the 
slide  by  means  of  cellotape  vias  tried,  it  v/as  found  to  be  only  partially 
successful,  A  possible  improvement  would  be  to  seal  the  slide  by 
means  of  wax. 


6,4,  Results 

Six  samples  of  observations  from  each  of  the  4  types  of  yam 
are  shown  in  Figs,  IOO-IO3.  In  each  set  of  6  samples  it  has  been 
endeavoured  to  show  a  typical  view  of  the  end  of  a  broken  yam,  ary 
surface  faults  or  inhomogeneities,  and  a  fatigue  break.  As  can  be 
seen,  much  of  the  work  has  involved  the  use  of  polarised  light  and 
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elucidation  of  cracks  is  thereby  great]y  facilitated. 

Considering  the  viscose  samples  of  Fig,  100  ,  it  is  apparent 
that  in  general  the  fatigue  breaks  occurring  show  a  fracture  which  is 
to  all  intents  and  purposes  perpendicular  to  the  filament  axis  although 
it  is  a  jagged  break.  The  striations  due  to  the  irregularity  in 
cross-section  may  here  play  a  prominent  part  in  determining  the  nature 
of  the  break.  The  transverse  markings  v/hich  appear  in  Pig,  lOOB 
seem  significant  in  this  respect  and  may  shov/  evidence  of  a  forthcoming 
crack. 

Acetate  would  appear  to  behave  in  a  similar  manner  to  viscose 
but  the  evidence  of  surface  damage  which  is  apparent  when  comparison 
is  made,  shows  tliat  acetate,  being  a  v/eaker  fibre  is  more  prone  to 
damage  of  a  type  shovm  in  Pig.lOlP  being  propagated  to  a  fracture 
as  in  Fig,  10 US, 

In  the  nylon  sanples  the  appearance  of  the  fatigue  break  is  very 
markedly  different  to  iiiat  of  the  rayons.  As  can  be  seen  by  a  close 
examination  of  Pig.  102A,  the  majority  of  breaks  are  irregular  and 
distorted  in  appear.once,  a  typical  exiunple  of  which  is  shovm  in  Pig.l02E, 
A  special  study  on  nylon  is  made  later  in  this  Chapter,  and  more 
remarks  concerning  Pig. 102  will  bo  considered  there. 

Pig, 102®  which  shows  a  filament  almost  fractured  is  interesting 
and  supplies  the  information  that  it  may  be  possible  for  a  partially 
fractured  filament  to  withstand  repeated  stress  vathout  eventual 
breakdown.  Another  possible  explanation  is  that  the  occurrence  of 
this  partial  fracture  nay  be  the  result  of  "snap-back",  which  would 
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occur  when  the  filament  actually  broke  a  little  further  along  its 
length. 

For  the  Teryleno  specimens  in  Fig,  103  ,  although  the  breaks 

are  still  not  uniform,  they  are  certainly  not  as  irregularly  shaped 
as  in  nylon.  In  the  Terylene  seenples,  there  does  seem  to  bo  good 
evidence  for  the  existence  of  marldLngs  (Fig,  IO3E  )  and  of  cracks 
(Fig,  I03D  )  at  45*^  to  the  filiunent  axis.  A  similar  partially 
fractured  filameiit  to  that  of  nylon  is  sho\'ai  in  Fig.l03F, 

A  list  of  the  yams  from  which  the  photomicrographs  were  taken 
is  given  in  Table  XXIX  ,  It  would  appear  that  twist  does  not  have 
any  effect  on  the  nature  of  the  filanent  break. 

It  was  decided  to  investigate  the  fatigue  fractures  in  nylon 
rather  more  fully  due  to  their  unusual  characteristics  and  the 
fractures  in  Figs,  1C4  and  105  show  some  of  the  results  found. 

In  Fig,  104A  ,  the  lateral  displacement  of  the  axis  of  the 
filament  could  possibly  be  due  to  the  intertv/ining  of  filaments  during 
stressing  and  as  shown  in  Fig.  102B  ,  at  or  near  the  cross-over  points, 
this  feature  is  pronounced. 

Fig,  I04B  shows  the  same  view  this  time  using  polarised  light 
and  from  this  print  it  would  appear  that  a  serious  shearing  effect 
has  tal<Bn  place.  In  the  microscope  itself  the  colours  of  polarisation 
are  present  and  the  colour  fringes  do  show  the  shear  effect  quite  well. 

Fig,  lOAC  shows  a  crack  in  the  surface  of  the  material  and 
Fig,  104f>  brings  out  the  damage  which  is  present  following  surface 


abrasion. 
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TABLE  XXIX 


T.P.I. 

N 

FT” 

Mountant 

Light 

Pig,  100 
Viscose 

A 

30 

904  , 

2— 

? 

4 

2? 

M.I. 

0 

B 

0 

1.7  X  10-^ 

M.I. 

0 

C 

30 

904 

M.I. 

0 

D 

20 

2199 

2— 

2-1 

M.I. 

C 

E 

20 

2199 

M.I. 

0 

P 

30 

904 

M.I. 

0 

Pig.  101 

Acetate 

A 

30 

12661 

2p 

M.I. 

0 

B 

20 

17529 

2i 

M .  I , 

0 

C 

0 

16824 

2I 

M.I. 

0 

D 

E 

o  o 

12661 

12661 

4 

4 

M.I. 

M.I. 

0 

0 

¥ 

20 

17529 

M.I. 

0 

Pig.  102 
Nylon 

A 

0 

574 

10 

L.P. 

0 

B 

0 

574 

10 

L.P. 

p 

0 

63 

18661 

10 

L.P. 

0 

D 

0 

574  , 

10 

L.P. 

0 

E 

65 

4.6  X  10^ 

10 

B.N. 

0 

P 

20 

3018 

10 

L.P. 

0 

Pig. 103 
Terylene 

A 

3C 

3024 

4 

7- 

B.N. 

0 

B 

30 

1453 

B.N. 

0 

C 

20 

1837 

B.N. 

p 

D 

20 

1837 

B.N. 

p 

E 

30 

1453 

I  1 

B.N. 

p 

P 

10 

2147 

B.N. 

p 

T.P.I.  =  turns  per  inch 


N  =  number  of  cycles  to  break 
S  =  stroke  % 

0  =  ordinary  light 

P  =  polarised  light 
M.I.  =  Methylene  iodide 
L.P.  =  Liquid  paraffin 
B.N,  =  Monobromonaphthalene 
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Figs.  10^115  and  1041biiow  a  transvorsu  zigzag  craok.  Various 
interpretations  of  the  occurrence  of  tliis  crack  can  be  made  but  it 
seems  feasible  that  progressive  shearing  at  45°  to  the  fil.ament  axis 
has  taken  place.  These  prints  are  from  the  same  crack as  that  shown 
in  Pig.  103c  ,  but  are  taken  from  a  position  approximately  perpendicular 

to  the  latter.  The  f irst  plate  ( 102  C  )  v/as  taken  early  in  the  work 
and  on  later  re-exaaiination  the  view  had  altered  due  presumably  to  the 
moving  of  the  filament  in  the  mountc.nt  (liquid  para.ffin). 

Pig,  105  shows  some  of  the  interesting  phentmena  encountei.’ed 
in  fractured  nylon  specimens. 

A,  shov/s  another  quite  proncur-oei  shearing  effect 

B,  a  surface  crack  in  the  initial  stages 

C,  a  jagged  break  accompanied  by  another  transverse  crack, 
possibly  caused  by  "snap-back", 

D,  an  unusual  three  pronged  break 

E,  an  enlarged  view  of  the  crack  in  Pig,  102C, 

P,  a  sheared  fatigue  break 

G,  another  sheared  fatigue  break 

H,  a  tensile  break  (instron  tester) 

The  parameters  of  testing  for  the  prints  of  Pigs,  104  and  105 
are  listed  in  Table  XXX, 

Prom  the  study  of  nylon  it  would  seem  possible  that  fatigue 
fractures  originate  from  small  cracks  which  in  turn  occur  as  a  result 
of  shearing  effects  and  it  is  interesting  to  try  to  form  a  picture 
of  the  underlying  fatigue  raechanisra  at  work. 
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(all  Nylon  speciniens) 


T.P.I. 

N 

S 

Mount ant 

Light 

Pig.  104 

A 

0 

574 

10 

L.P. 

0 

B 

0 

574 

10 

L.P. 

P 

C 

65 

18661 

10 

L.P. 

P 

D 

65 

18661 

10 

L.P. 

0 

E 

65 

I8661 

10 

L.P. 

0 

P 

65 

18661 

10 

L.P. 

P 

Pig  105 

87566 

A 

65 

10 

L.P. 

0 

B 

65 

18661 

10 

L.P. 

0 

C 

65 

18661 

10 

L.P. 

0 

D 

65 

IO661 

10 

L.P. 

0 

E 

65 

I8661 

10 

L.P. 

0 

P 

65 

34825 

10 

L.P. 

0 

G 

65 

34825 

10 

L.P. 

0 

H 

65 

Tensile 

L.P. 

0 

T.P.I.  =  turns  per  inch 

N  =  nuraber  of  cycles  to  fracture 
S  =  stroke  ^ 

L.P.  =  liquid  paraffin 
0  =  ordinary  light 

P  =  polarised  light 
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6^.  Meclianism  of  Fatipnie 

While  considering  fatigue  in  textile  fibres,  it  would  be 
foolish  to  discount  the  many  theories  of  fatigue  in  metals  which  have 
been  propounded  in  the  past. 

Theories  of  fatigue  include: 

(a)  Rankine's  theory  of  maximum  str'ess 

(b)  Saint-Venant*  s  theory  of  maximiun  strain 

(c)  Coulomb's  theory  of  maximum  shear  stress 

These  theories  suffer  from  the  follovdng  inadequacies: 

1,  Dynamic  not  static  strain  is  applied  and  this  mean3that  the 
classical  theory  of  elasticity  docs  not  necessarily  hold  true. 

2,  The  calculations  involved  in  the  theories  above  use  the 
differential  and  integral  calculus  which  assumes  continuity  and 
homogeneity  of  the  material, 

Hov/ever,  physical  matter  is  not  built  up  of  infinitely  small 
particles  but  of  finite  quantities,  as  the  quantim  theory  shows. 

Metals  are  neither  continuous  nor  liomogeneous;  even  those  which 
consist  of  a  single  phase  such  as  pure  iron,  are  composed  of  unequal 
crystals  having  different  orientations  and  shapes  and  in  the  case  of 
steel  there  are  always  -'t  least  two  phases,  cement ite  and  ferrite. 

3,  The  theory  of  strength  of  materialo  assumes  uniform  stress 
distribution,  whereas  the  concentrations  of  stress  may  attain  con¬ 
siderable  values  in  practiceo 

4,  Hooke's  Law,  although  suitable  for  static  forces  may  well  be 
no  longer  applicable  where  dynamic  stresses  occur,  because  the 
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removal  of  the  stress  is  not  always  accompanied  by  the  immediate  dis¬ 
appearance  of  the  strain  it  produced;  on  the  contrary  a  certain  amount 
of  hysteresis  is  usually  present  and  unless  the  applied  stress  is  very 
small,  the  metal  requires  a  certain  time  to  return  to  its  primitive 
dimensions  after  the  stress  is  removed. 

Other  theories  of  fatigue  postulate  molecular  slip,  strain 
hardening,  a  limiting  value  of  strain  energy  in^osed  or  damage  caused 
as  a  result  of  internal  dair5)ing. 

All  solids  are  full  of  minute  defects,  truly  ultra-microscopic 
inclusions  and  if  it  v/ere  possible  completely  to  eliminate  these 
defects  from  metals  their  strength  would  be  increased  tenfold.  In 
fact,  metals  do  behave  better  if  they  are  prepared  by  processes 
permitting  a  more  complete  elimination  of  their  various  impurities. 

When  the  applied  stresses  are  variable,  repeated  or  alternating,  the 
superposition  of  secondaiy  stresses  (caused  by  internal  stresses 
probably  due  to  mechanical  treatments)  upon  the  nominal  applied  stress 
takes  place  in  a  manner  which  it  is  impossible  to  determine  beforehand. 
Vibrations  may  produce  local  high  stresses  by  phenomena  of  inter¬ 
ference  and  it  is  possible  to  believe  that  the  resultant  of  these 
various  forces  may  locally  exceed  the  cohesive  strength  of  the  metal, 

A  microscopic  crack  results  and  this  is  the  beginning  of  a  fatigue 
failure;  the  crack  once  begun  spreads  into  the  interior  of  the  metal 
more  or  less  rapidly  according  to  the  magnitude  and  number  of  the 
applied  stress  cycles. 

The  arguments  outlined  above  could  well  be  applied  in  the 


case  of  polymeric  materials,  but  the  elasticity  of  textile  fibres 
imposes  certain  limitations  on  the  direct  .applicability  of  the  theory 
above,  A  strain  in  a  fil.oment  produces  liiore  direct  structural  clr,  nge 
than  a  strain  of  similar  magnitude  would  do  in  a  metal.  There  is 
interesting  evidence  in  the  observed  fatigue  breaks  in  nylon,  the 
majority  of  viiich  show  sheared  breaks.  Regarding  the  zig-zag  crack 
shovm  in  Pigs,  1041^  andl04-P  ,  it  is  possible  that  slab  shearing  has 
occurred  possibly  as  a  result  of  transverse  rartrkings,  W.LUders 
(i860)  (59)  observed  such  markings  in  mild  steel  and  copper  .and 
Taylor  (1934)  (60)  put  forward  a  theory  for  the  development  of  such 
markings  and  subsequent  propagation.  More  recently  Zaukelies  (61) 
has  observed  slip  bands,  in  nylon  66  and  6IO  and  interprets  his 
observations  to  be  Orov/an  kink  bands,  which  other  observers  seem  to 
think  may  be  Liiders ’bands ,  Or(#wan  bands  are  observed  in  metal  wires 
and  apparently  have  only  been  found  in  single  crystal  structures. 

The  extension  of  these  bands  to  the  realm  of  high  polymers,  involving 
polycrystalline  structure  is  a  dubious  step. 

The  propagation  of  the  crack  in  terms  of  crystal  lattices  is  a 
study  on  its  own  and  no  attempt  has  been  made  in  this  work  to  produce 
any  evidence  in  this  direction,  although  future  study  could  incorporate 
this, 

6,6.  High  Speed  Photography 

The  actual  point  of  breakage  in  the  fatigue  test  is  certainly 
of  great  interest  and  attempts  were  made  to  photograph  the  yarn  just 


as  it  broke. 


For  this  a  yam  specimen  possessing  a  short  relabive]y  constant 
fatigue  life  (l7  cycles)  v/as  used, 

A  high  speed  camera,  Pastax  1/VP14, maxiiiium  speed  8000  frames  per 
second,  was  used  and  3  100  foot  films,  one  with  Tri-X  negative  and 
two  with  Plus  X  negative  films  v/ere  taken. 

Due  to  the  uncertainty  in  the  actual  time  of  "break  (-  3  secs) 
a  speed  of  6OO  frames  second  was  used. 

On  one  film,  the  actual  break  was  caught  but  the  break  itself 
was  on  one  frame  only.  Due  to  the  movement  of  the  yarn,  however, 
little  v/as  gained  from  the  picture  and  as  enlargement  increases  the 
grain  and  decreases  the  definition  of  the  print,  no  useful  information 
vas  gained  and  the  project  abandoned. 
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CHAPTER  7 

STATISTICAL  ASPECTS  OF  FATIGUE 

7.1.  Introduction 

The  intorpretation  of  raaultn- of  tests  involving  specimens 
subjected  to  repeated  load  or  strain  cycles  is  made  difficult  by  the 
fact  that  progressive  damage,  xdiich  finally  leads  to  fatigue  failure, 
is  a  process  that  is  essentially  determined  by  happenings  on  the  sub- 
microscopic  scale;  on  a  phenomenological  scale  its  cumulative  effect 
becomes  visible  only  at  such  an  advanced  stage  of  the  test  that  most 
of  the  damage  would  appear  to  have  been  done.  Because  of  the 
structure  sensitivity  of  such  a  process  the  results  of  fatigue  tests 
show  a  much  wider  scatter  than  the  results  of  any  other  mechanical 
test.  The  principal  difficulties  with  regard  to  the  interpretation 
of  results  of  fatigue  tests  are  the  microscopic  heterogeneous  and 
anisotropic  inelastic  effects  at  overall  stresses  below  as  well  as 

above  the  elastic  lim.it  or  yield  point.  This  influence  cf 
inelasticity  as  well  as  that  of  surface  condition  is  necessarily  the 
more  pronounced  the  more  non -homogeneous  the  elastic  stress  field. 
Practically  all  existing  fatigue  theories  operate  on  the  assumption 
that  fatigue  can  be  explained  in  terns  of  a  single  mechanism.  The 
fact  is  not  considered  that  one  mechanism  alone  can  hardly  be  expected 
to  describe  a  phenomenon  that  is  the  result  of  force- and  time- 
dependent  processes  on  the  microscopic  and  submicro scopic  level, 
which  are  associated  with  the  existence  of  highly  localised 
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textural  stress  fields,  defects  and  anomalies  in  uhc  idea],  structure 
of  the  material. 

In  brittle  materials  ii  is  possible  to  base  the  statistical 
approach  to  fatigue  on  the  assumption  of  the  existence  of  a  statis¬ 
tical  distribution  function  of  thu  separate  strength  of  atomic  or 
molecular  bonds  within  a  material  built  uo  of  discrete  particles 
v/ithout  recurrence  to  the  concept  of  micro-cracks  and  stress  con¬ 
centrations;  this  implies  that  the  distribution  of  bond  forces  or 
of  bond  energies  is  not,  like  that  of  stress  concentrations,  static 
and  invariable  but  rather  of  the  nature  of  a  continually  fluctuating 
distribution,  as  v/aves  of  thermal  i.mergy  pass  through  the  material. 
As  a  result  of  the  thermal  motion  of  the  elements ,  there  are 
incess.ant  small  changes  in  the  stiaicture  of  the  material  close  to 
its  condition  of  equilibrium  v/hich  may  be  considered  as  thermal 
density  fluctuations  (see  Eyring  et  al,(54)).  Since  the  frequency 
of  these  fluctuations  is  by  several  orders  of  magnitude  higher  than 
the  highest  frequency  of  applied  load  cycles  the  local  structure  of 
the  material  vd.ll  change  from  one  moment  to  another  during  each 
load  cycle;  thus  the  probability  that  its  response  to  consecutive 
applications  of  the  same  load  cycle  will  be  the  same  is  infinitely 
small.  Hence  instead  of  introducing  the  probability  of  bond 
separation  at  a  particular  location  or  of  an  invariable  spatial 
distribution  of  bond  strength,  the  probability  is  introduced  of  the 
momentary  coincidence  of  the  sepcaration  strength  of  an  individual 
atomic  or  molecular  bond  vdth  a  force  in  this  band  produced  by 
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the  external  load  which  is  sufficient  to  overcome  the  momentary  level 
of  bond  strength  at  the  unspecified  location  at  which  this  coincidence 
occurs. 

In  a  system  of  analysing  any  set  of  results  v/hich  shows 
large  scatter  and  particular]y  in  a  fatigue  test  where  the  primary 
interest  lies  in  the  time  to  failure  of  specimens,  the  distribution 
of  the  observations  is  of  paramount  importance  and  if  it  can  be 
ascertained  accurately  it  can  be  used  to  predict  failure. 

Several  workers  have  presented  methods  of  dealing  with  the 
problems  associated  vdth  statistics  of  extreme  value  data,  possibly 
the  most  notable  being  Tippett  (Biomotrika,1925) .  More  recently, 
however,  Weibull  (62)  and  Freudenthal  and  Gumbel  (63)  have  presented 
interesting  theories  concerning  interpretation  of  fatigue  tests  on 
metals  and  these  vdll  be  suggested  as  a  possible  means  of  expression 
of  the  results  found  for  tv/isted  yarns. 

Weibull  has  put  forv/ard  a  "weakest  link"  theory  of  fatigue 
failure  and  this  is  outlined  belov/. 

Assume  that  v/e  have  a  chain  consisting  of  several  links.  If 
vie  have  found,  by  testing,  the  probability  of  failure  P  at  any  load  x 
applied  to  a  '^ngle"link,  and  if  we  want  to  find  the  probability  of 
failure  of  a  chain  consisting  of  n  links,  vie  have  to  base  our 
deductions  upon  the  proposition  that  the  chain  as  a  whole  has  failed 
if  any  one  of  its  parts  has  failed.  Accordingly,  the  probability 
of  nonfailure  of  the  chain  (1  -  is  equal  to  the  probability  of 
the  simultaneous  non- failure  of  all  the  links.  Thus  we  have 


('I  ■*  =  ("I  -  P)^.  If  then  the  d.f,  of  a  single  link  takes  the 

form  P(x)  =  1  -  ;yq  obtain  Pj^  =  1  “  ©  vihich  gives  the 

appropriate  mathematical  expression  for  the  principle  of  the  weakest 
link  in  the  chain,  or  mere  generally  for  the  size  effect  on  failures 
in  solids. 

The  same  method  of  reasoning  may  be  applied  to  the  large  group 
of  problems,  where  the  occurrence  of  an  event  in  any  part  of  an 
object  may  be  said  to  have  occurred  in  the  object  as  a  whole,  e.g, 
the  phenomena  of  yield  limits,  static  or  dynamic  strength,  electrical 
insulation  breakdowns,  life  of  electric  bulbs  or  even  death  of  man 
as  the  probability  of  surviving  depending  on  the  probability  of  not 
having  died  from  many  different  causes. 

He  also  states  that: 

"It  is  believed  that  in  cases  of  random  variables  such  as 
strength  properties  of  materials ,  the  only  practicable  way  of 
progressing  is  to  choose  a  simple  function,  test  it  empiricially  and 
stick  to  it  as  long  as  none  better  is  found," 

Any  statistical  theory  of  the  fatigue  failure  mechanism,  is 
thus  seen  to  be  complex  to  deal  ■’.'dth  and  to  be  vindicated  would 
involve  a  very  large  number  of  long  period  tests.  In  the  light  of 
the  tests  which  have  been  made, the  results  of  v/hich  are  presented  in 
Chapter  5,  it  would  seem  profitable  to  test  the  fit  of  the  observed 
values  to  certain  distributions. 
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7.2.  Possilple  Frequency  Distributi  ons 

The  first  possibility  to  be  tried  is  the  normal  distribution 
and  using  the  results  of  a  sample  of  20  specimens  of  Nylon  10  t.p.i. , 
the  observed  values  are  plotted  to  the  plotting  positions 
P  =  1  -  ~ ,  7/here  n  is  the  number  of  specimens  and  m  is  the  i^^ 

observed  value,  i  -  2 . 20,  the  obS'  rvations  being  graded 

numerically  from  least  to  greatestr 

The  justification  for  the  plotting  positions  used  is  as 


follows : 


For  any  frequency  function,  P(x) ,  constructed  from  n  observa¬ 


tions  of  a  positive  statistical  variate  x  vdth  the  distribution 
f(x)  =  F(x)  ,  the  m  observation  x  =  x^  has  the  distribution; 

niP(x)”‘"''  [l  -  P(x)]  f(x) 


(1) 


dependent  on  n,  ra  and  the  initial  distribution,  ■f(x)o  To  eliminate 
the  influence  of  the  initial  distribution,  the  probability  function 
P(m)  =  of  the  m  value  is  taken  as  a  new  variate.  Then  the 

distribution 

h(S  )=('')  mF  '  (1  -  F 
^  m'  'm^  m  '  irf 

has  the  mean  (distribution  free)  given  by: 

"  /n\  i  „  m  \n-m  m 

Tii  “ 


P  (1  -  F  )  dF 
m  '  m  n  +  1 


th 


This  mean  cumulative  frequency  of  the  rn  observation  differs 
from  the  frequency  of  the  mean  m^^  value  F(x  ) ,  The  mean  frequency 
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of  survival  as  applied  to  fatigue  results  is  given  by  the  complenent 


of  this  figure.  The  mean  frequency  of  values  exceeding  x^  is 
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^(x^)  =  1  -  =  1  -(yn  +  1) 

If  the  curve  of  probability  of  sui’vival  is  plotted  against 
the  number  of  cycles  (N) ,  using  linear  coordinates  and  the  plotting 
positions  recommeiided  above  are  used,  the  appearance  of  the  observed 
values  vdll  be  scattered  about  a  theoretical,  non- symmetrical 
sigmoidal  curve  and  the  goodness  of  fit  of  the  observations  vlll  be 
difficult  to  assess. 

If,  however,  the  ordinates  (the  probabilities  of  survival) 
are  plotted  on  paper  scaled  in  such  a  way  as  to  rectify  the  normal, 
distribution  curve,  then  the  points  are  scattered  about  a  straight 
line  and  the  task  of  visual  or  analytical  tests  of  goodness  of  fit 
is  greatly  eased. 

If  the  abscissa  scale  is  linear  then  it  is  possible  to  test 

the  fit  of  any  function  of  the  variate, in  this  case  N,  to  see  if  that 

particular  function  is  nonnally  distributed.  This  has  been  done  for 

i_ 

a  Nylon  10  t.p.i,  yam  for  the  three  cases  N,  N^  and  log  N  and  the 
graphs  are  shown  in  Pigs.l06,  107  and  108.  It  is  clear  that  the 
values  of  VN  appear  to  be  more  nearly  normally  distributed  than  those 
of  N  or  log  N, 

It  has  been  tliought  by  some  -workers  that  fatigue  results  may 
be  distributed  log-normally  end  so  paper  has  also  been  constmcted 
having  a  logarithmic  scale  as  abscissa  and  probability  as  ordinate. 

The  fit  of  the  observed  value  of  N  ’will  appear  the  same  on  this 
paper  as  that  of  Pig.108, 

In  general,  however,  it  has  been  found  that  fatigue  results 


do  not  subscribe  to  a  nonnal  distribution  function  and  it  becomes 

necessary  to  look  romid  for  a  distribution  v/hich  will  embrace  extreme 

values  more  reliably.  It  is  usual  that  the  observed  distribution 

of  fatigue  life  exhibits  positive  ske’wness,  i.e.  the  mode  precedes 

the  mean  value  and  the  cun/’e  tails  off  to  +  co  ,  far  more  slov/ly  than 

to  -  00 .  In  tills  respect,  there  is  a  resemblance  to  the  Poisson 

2 

distribution  but  the  inequality  between  and  CT  in  the  observed 
values  eliminates  this  completely. 

The  attention  is  nov/  turned  to  distributions  of  the  type 
which  approach  zero  exponentially  governed  by  the  stipulation  that 


Mm  3I 

00 


f(x) 


0 


Amongst  this  type  cf  distribution  will  be  mentioned  the 
Gumbel  and  the  Weibull  distributions. 

When  m  =  1  in  equation  (l) ,  the  distribution  of  the  smallest 
of  the  n  Values  x  =  x^  is  obtained.  As  n  increases  the  associated 
probability  function  tends  towards  the  so-called  ’’first"  limiting 
asymptotic  approximation  of  the  form 


(1) 


l(x^) 


1  -  exp 


with  a  reduced  variate  y  =  o(  (x  -  u) 

1 


CX  is  defined  by 


% 


where  s  is  the  sample  standard  deviation;  u  is  defined  by: 


u  =  X  + 
0 


where  x  is  the  sample  arithmetic  mean  and  ^  is  Euler’s  constant 

Lim  /l  +  i  +  i  + . ^  f  n  (n)|=  0.5772157 . 

n->oot  ^  ^  J 


denoted  by: 
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The  parameters  of  the  distribution  namely  C>(  and  u  are 

comparatively  easy  to  obtain  from  the  observed  data.  Both  Preudenthal 

and  G-\imbel,and  Weibull  employ  a  refinement  by  an  extension  from  the 

first  to  the  third  asymptotic  approximation  of  the  probability  function 

which 

of  smallest  values/ can  be  made  vath  the  aid  of  the  logarithmic 
transf  o  niia  tion : 

y  =  0<(x-  u)  = 

where  n  denotes  the  natural  logarithm  and  v  is  defined  by: 

V  =  X  +  sA(0(,) 

from  which  -£  may  be  calculated  by: 

^  =  V  -  sB(o<) 


In  these  equations,  x  and  s  are  the  mean  and  standard  deviation 
for  the  observed  values  and  A(0<'  )  and  B((?(  )  are  expressions  involving 
gamma  functions,  namely: 

1  -r(i  +i./i>cpi  ^(i  +  2/x)  -  r^(i  +i./<x) 


a(ck)  = 


JL 

'2 


“I 


and 


B(c\)  =  A{Os)  -r  (1  +  l/cx)J 
Values  of  A{0{)  and  B(o<.)  have  been  computed  by  Freudenthal 


and  Gumbel  (65)  for  various  values  of  the  scale  parameter  ^/o(  and 
corresponding  skewness  values  (^y  denoted  by; 

are  also  tabulated. 


-A 


-  3x‘^  X  +  2x^ 


(n-2)  (x“  “  x' 


For  saii5)les  of  20  specimens,  the  above  expression  reduces  to; 


rr  -  ^  I 
'  18 


2 


I 


3x  X  +  2x'" 

-Is  3/2 
(x  -  X  )  ' 


151. 

An  abbreviated  table  of  the  values  computed  by  Preudenthal 
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It  is  not  Considered  necessary  to  enter  into  the  theoretical 
considerations  -vvhich  liave  led  to  the  development  of  the  tv/o  distribu¬ 
tions  outlined  above ,  but  some  practical  implications  involved  in 
their  use  will  nov;  be  mentioned. 

In  both  of  the  distributions ,  for  large  numbers  of  cycles 
and  small  probabilities  of  survival,  a  relatively  small  increase  in  the 
number  of  cycles  considerably  reduces  the  probability  of  survival. 

This  phenomenon  has  an  analogy  with  the  popular  statement  concerning 
the  last  straw  that  breaks  the  camel's  back. 

However,  in  the  Gumbel  distribution,  for  high  probabilities 
of  survival,  a  considerable  decrease  in  the  number  of  cycles  is 
necessary  in  order  to  increase  the  probability  of  survival  by  a  small 
amount,  whereas  in  the  distribution  associated  with  the  third 
asymptotic  approximation,  a  small  decrease  in  the  number  of  cycles 
has  a  large  influence  on  the  probability  of  survival. 

One  disadvantage  of  applying  the  Weibull  distribution  to  the 

observed  fatigue  values  is  that  occasionally  the  value  of 
computed  in  accordance  with  the  steps  outlinea  above,  m.s 
found  to  be  negative  due  to  high  values  of  standard  deviation. 
Preudenthal  and  Gimibel  state  that  the  third  asymptotic  approximation 
of  the  probability  function  of  smallest  values  is  valid  only  for 
variates  bounded  by  x  >  ^  ^  normally  being  positive. 

7.3.  Comparison  of  the  Distributions  N,  a.nd  log  N 

Before  use  is  made  of  the  Gumbel  distribution  it  is  interest¬ 
ing  to  note  the  differences  which  the  distributions  for  N,'a/N  and 
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log  N  exhibit4 

As  a  means  of  comparison,  a  mean  of  10,000  and  a  standard 
deviation  of  3000  have  been  used  to  determine  the  actual  curve  for 
the  //"^and  log  N  curves. 

The  normal  curve,  constructed  from  the  ordinates  given  in 
standard  statistical  tables,  is  used  as  t]ie  starting  point.  This 
curve  is  drawn  using  the  multiple  of  standard  deviation  as  abscissa 
and  ^  (x)  =  e  ^  as  the  ordinate.  The  curve  shows  the  raeaUj 

mode  and  median  coincident  at  the  point  x  =  0,  when  0'(x)  =  0.3989. 

It  is  now  desired  to  find  values  of  which  are  normally 
distributed  and  compare  the  distribution  of  the  square  of  these 
values  with  the  standard  normal  cur/e.  In  this  v/ay,  the  skewness 
introduced  by  using  values  of  //iT  instead  of  N  v/ill  be  brought  oui 
and  the  distribution  may  be  found  to  show  a  better  fit  to  observed 


values. 


To  accomplish  this,  equally  spaced  readings  from  tlie  horizontal 


axis  are  taken  and  the  mean  is  designated  the  value  of  100,  i,e, 

V  10,000.  Since  the  standard  deviation  for  the  normal  distribution 
has  been  taken  as  3,000,  a  rough  first  estimate  of  the  standard 
deviation  for  the  4^  distribution  can  be  obtained  by  assuming  that 
the  majority  of  values  lie  betvireen  -  1  standard  deviation  from  the 
mean,  in  other  words  that: 

=  6,000 

where  Vn  .  and  // N  indicate  tlie  values  of  w  N  at  +  C  and  -  S 

respectively. 
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Since  vd.ll  be  identical  with  {Mj~^  +  > 

-  i>y5-«VN)^  = 

•  •  VTn  ^  =  ^’°°° 

and  with  m =  100,  this  gives  a  rough  first  estimate  of  as 

15. 

Using  this  value,  equally  spaced  readings  for  the 
distribution  for  a  mean  of  100  and  standard  deviation  of  15  are 
obtained, 

%  squaring  these  values  and  finding  the  mean  and  st^n<^r<i 
deviation  of  the  resultant  values,  tte  frequency  distribution  can  be 
plotted,  providing  the  ordinates  are  adjusted  to  compensate  for  the 
difference  in  standard  deviation. 

The  frequency  of  values  between  N  and  N  +  dN  (for  the  normal 
curve)  is 

f(N)  dN 

where  dN  is  a  small  increment  of  N  and  f(N)  is  the  ordinate  of  the 
frequency  distribution  at  the  point  N  on  the  horizontal  axis. 

Similarly,  if  y  =  y/u"?  "the  frequency  of  values  in  the  small 
interval  between  y  and  y  +  dy: 

=  f(y)  <iy 

For  the  two  frequency  distributions  to  be  compared,  these  two 
frequencies  of  values  must  be  equal, 

i.e,  f(N)  dN  =  f(y)  dy 
Using  the  identity  f(y)  dy  s  f(y)  ^  dN 
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f(N)  =  f(y)  t 

How.  ^  =  -L.  =  -L 

'®  ^  2y 

f(N)  =  f(y)-^  (2)* 

This  equation  holds  for  the  normal  curve  v/hich  is  calculated  and 
draivn  so  that  the  total  area  under  the  curve,  \vitli  mean  of  0  and 
standard  deviation  of  1  is  unity. 

However,  the  standard  deviation  for  the  //n”  curve  is  15  and 
the  ordinates  of  (2)  therefore  need  to  be  scaled  dov/n  by  this  facror, 
so  that  comparison  can  easily  be  made. 

Having  obtained  these  adjusted  frequencies  the  distribution 
curve  can  be  drawn. 

Steps  in  the  calculation  are  as  follov/s: 


Tabulate  y/ N  values,  equally  spaced  on  the  horizontal  axis 
with  mean  100  and  S,D,15 

From  the  normal  curve,  read  off  the  ordinate  values  at  these 
points. 

Square  they/lj  (=y)  values  to  obtain  values  of  y^. 

Using  the  frequencies  of  (2) ,  calculate  the  mean 
and  S,D.  ^  squared  values. 

Tabulate  (y^  -ju)/<r 

Calculate  the  frequencies  for  the  y  values  from 

f(y^)  =  f(y)  -p  7?  ^  O' 

2/  N  ^ 

Plot  f(y^)  against  (y^  -yU)/cr 


156. 

A  sLuilar  procedure  niay  also  be  used  to  compare  the  N  and 


log  N  distributions.  In  tliis  case,  a  first  estimate  of  the 
standard  deviation  is  found  from  the  equation: 

10^  -  10“^  =0.6 

This  equation  represents  the  condition  that  the  majority  of 
values  shall  lie  betv/een  plus  and  minus  one  standard  deviation  from 
the  mean  ;  x  represents  the  value  of  the  abscissa  on  a  log  scale  at 
a  distance  of  1  standard  deviation  from  the  mean. 

Solving  this  equation: 


from  which,  taking  the  positive  square  root, 
x  =  0.1284 

The  new  ordinates  of  the  frequency  distribution  for  log  N 


are  then  given  by; 

f(N) 


f(z)  dz 
0.128if  *  dN 


f(N) 


f(z)  0.4343 
0.1284  ’  z 


the  factor  0.4343  arising  due  to  derivation. 


The  figure  0.1284  is  introduced  once  again  as  an  adjusting 
scale  factor.  The  value  of  f(N)  needs  to  be  multiplied  by  the 
standard  deviation  of  rhe  log  (N)  values  (in  this  case  3112)  to  enable 


plotting  positions  to  be  compared, 

A  graph  showing  the  3  graphs  superimposed  upon  each  other 


is  shown  in  Pig,109<. 

Clearly  errors  are  introduced  by  estimating  the  standard 


FIG.  109 


Cx  -  /^)/  (T 
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deviation  by  the  comparatively  easy  method  outlined  above  and  should 
the  exact  form  of  the  curve  be  required,  then  the  method  of  successive 
approximations  can  be  applied. 

The  shapes  of  the  distributions  are,  however,  seen  to  be 
quite  distinguishable  and  to  have  different  features. 

To  obtain  the  cumulative  frequency  distributions  for  the  N, 
and  log  N  curves,  the  area  under  the  curve  is  divided  into  21 
equal  wedge-shaped  areas.  This  can  be  done  cither  by  planimeter  or 
by  counting  the  number  of  squares  (the  curve  being  drawn  on  milli¬ 
metre  graph  paper) ,  The  abscissa  values  at  v/hicli  the  20  ordinate 
lines  divide  the  area,  are  plotted  against  the  plotting  positions 
P  =  1  -(m/n  +  1),  The  abscissa  readings  are  converted  from 
(x  -  S'  to  X,  where  x  is  the  number  of  cycles  endured  and yU  ,0^ 
the  mean  and  standard  deviation  for  the  respective  distributions. 

The  curves  obtained  are  shov/n  in  Pig,  110, 

To  compare  the  Gumbel  distribution  with  the  three  distribu¬ 
tions  given  above,  the  same  mean  (10,000)  and  the  same  standard 
deviation  (3,000)  were  used,  Por  the  Gumbel  distribution, 

jZf(x^)  =  i  -  exp  (~e^) ,  the  reduced  variate  y  being  given  by 
y  =  (x  -  u) 

Here  oC  =  "  =  4.2751  x  10  ^ 

sVT  a/6 


and  u  =  X  + 


0,57722 
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For  th(3  distribution  function, 

^  (x^)  =  0(  exp  Qr  - 

and  when  these  values  are  calculated  and  plotted  as  ordinate  against 
(x  -  10,000)/3,000,  the  curve  shown  in  Pig, 111  is  obtained. 

The  corresponding  probability  function 
(x^)  =  1  -  expj3^-e^3 

can  be  similarly  used  to  give  the  cumulative  frequency  distribution 
shovm  in  Pig,  112,  In  the  curve  shovm  1  -  is  the  probability 

of  survival  for  the  respective  number  of  cycles. 

Having  chosen  4  distributions  it  is  necessary  to  examine  ihe 
observed  data  and  test  tte  goodness  of  fit  to  discover  the  particular 
distribution  (if  any)  which  is  suitable, 

Por  the  and  log  N  distributions  this  has  been 

accomplished  for  3  other  yarns  (the  results  for  Nylon  10  t.p.i. 
having  already  been  plotted  in  Pigs, 106- 108) , 

The  yarns  chosen  were  Nylon  45  t.p.it,  Terylene  0  t.p.i.  and 
Terylcne  65  t.p.i,,  all  tested  at  the  IC^  stroke  level.  The  actual 
results  are  shown  in  Table  XXXEI,  and  the  data  is  sliown  plotted 
against  P  =  i  ~  in  Pigs.  113-121o 

The  lines  about  which  the  observed  data  fall  are  constructed 
from  the  knov/n  and  <T  for  the  particular  distribution  using 
normal  probability  tables.  As  has  been  mentioned  eaxlier  in  this 
Chapter,  it  is  easy  to  test  the  fit  of  the  observed  data  due  to  the 
rectification  of  the  normal  probability  curve,  by  the  use  of  the 
arithmetical  probability  ordinate  scale. 
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Considering  the  resultsfor  Nylon  45  t,p. i.  in  Pigs. 113-115, 


it  is  apparent  that  the  points  are  best  fitted  to  a  plot  for  a  normal 
distribution  of  number  of  cycles  N.  ViFhen  the  y^or  the 
distributions  are  introduced  then  the  goodness  of  fit  is  impaired. 
This  would  suggest  that  the  number  of  cycles  to  failure  are  normally 
distributed  with  a  moan  of  19037  and  a  standard  deviation  of  6678 
cycles. 


For  the  results  of  Terylene  0  t.p.i,  shown  in  Pigs.ll6-ll8, 
it  also  seems  that  the  plot  against  N  provides  the  closest  fit. 

For  Terylene  65  t.p.i.,  however,  the  fit  of  the  data  is  very 
poor  due  almost  entirely  to  the  spurious  point  at  919  cycles.  The 
log  N  distribution  is  the  nearest  to  take  account  of  this  extreme 
value. 


Several  interesting  points  come  out  of  the  scrutiny  of  these 

that 

graphs.  Firstly,  it  would  seem  in  two  case^ the  number  of  cycles  to 
failure  would  appear  to  be  normally  distributed.  In  one  of  these 
cases,  the  Terylene  0  t.p.i,,  this  consequence  might  be  expected  to 
be  due  to  the  lov^  number  of  cycles  to  break  which  occurs.  As  the 
breaking  extensions  of  yarns  in  many  cases  are  normally  distributed 
it  Could  be  assumed  (though  somewhat  dangerously) ,  that  the  so-called 
fatigue  test  in  this  case  merely  demonstrates  a  cumulative  extension 
test,  culminating  in  breakage  at  the  breaking  extension. 

However,  in  contradiction  to  this  statement,  the  other 
sample,  Nylon  45  t.p.i.  ,  would  not  be  expected  to  show  this 
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For  the  Nylon  10  t.p. i.  (Pigs. IO6-IO8)  ,  the  conclusion  may  be 
drawn  that  //iT values  arc  more  nearly  normally  distributed  than  N  or 
log  N  values.  In  the  case  of  ^’erylene  65  t.p.i.  ,  the  log  N  values 
are  more  nearly  nonnally  distributed,  though  in  this  latter  case, 
bias  is  introduced  to  a  considerable  extent  by  extreme  values. 

A  direct  consequence  of  this  last  ■^-tatement  is  that  since 
the  extreme  values  of  N,  particularly  at  the  lower  end  of  the  scale, 
are  of  considerable  importance,  a  sample  showing  such  extreme  values 
cannot  be  justifiably  represented  on  a  normalised  basis,  by  either 
N,  aJ^ or  log  N  distributions. 

The  Use  of  the  dumbel  and  Weibull  Distributions 

One  sample  (Nylon  10  t.p.i.)  has  been  used  to  illustrate  the 
use  of  the  G'jmbel  and  Weibull  distributions  and  this  is  shown  in 
Pig. 122  (folded). 


As  can  be  seen  there  are  tvro  vertical  axes  in  conjunction  with 
the  horizontal  axis  graduated  linearly  with  N  (number  of  cycles  to 
failure) . 

One  vertical  axis  (+  2,5  -  •'’7c5)  represents  the  Gumbel 
reduced  variate  y  calculated  from  y  =  log.  (log^  1/Q) ,  where 
Q  (=  .^  _  p)  is  the  probability  of  survival.  The  other  vertical 
axis  represents  the  probability  of  surviv..!  plotted  from  the  Weibull 
distribution  which  has  a  reduced  variate  z  --  log^  (l  -  P)^ 


where  D(  is  the  factor  calculated  from  the  skewness  of  the  observed 
distribution.  The  Weibull  scale  has  ttereforc  to  be  calculated 
for  each  set  of  data  which  makes  its  use  a  very  arduous  task. 
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particularly  for  comparative  purposes. 

The  straight  line  on  the  graph  represents  the  Gumbel 
distribution  and  is  plotted  from: 

y  =  <X(x  -  u) ,  where  0{  ,  U.  are  parameters  of  slope 
and  location  respective]^’-,  and  are  calculated  from  the  observed  data. 
For  the  data  of  the  Nylon  10  t.p.i,  yarn, 

0^  =  1.108  X  10“^ 

u  =  20070 

The  smooth  curve  on  the  graph  is  a  plot  of  the  Weibull 
distribution 

y  =  (X  gflog  (x  -  -  log  (v  - 

where  Cs(  is  the  scaling  parameter  calculated  frun  the  skovmoss  of 
s 

the  observed  distribution  and  v,  6-  are  dependent  on  by  the 

gamma  function  relationships  alrvaady  described. 

For  the  same  observed  data: 

V  =  17090 
^  =  -3910 

The  observed  points  are  shov/n  to  fit  the  Weibull  distribution 
very  closely  but  the  fit  to  the  Gumbel  line  is  not  good. 

For  this  particular  sample,  it  may  therefore  be  concluded 
that  the  observed  data  are  accounted  for  reasonably  ?rell  by  assuming 
that  their  square  roots  are  normally  distributed,  but  tl^at  a  better 
approximation  to  the  observations  is  afforded  by  means  of  the 
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Diic  to  the  occurronoo  of  a  negative  value  of  (E,  ,  the 

Weihull  distribution  is  seen  to  be  invalid  for  low  numbers  of  cycles, 
but  this  does  net  detract  from  the  fact  that  the  distribution  may 
still  be  used  for  the  higher  ranges, 

7. 3»  Discussion 

Although  only  a  limited  amount  of  experimental  data  has  been 
involved  in  the  statistical  approach  to  tlie  problem  of  fatigue 
breakage,  three  points  in  particular  have  emerged  as  a  result  of  the 
investigation: 

(a)  The  data  as  a  whole  do  not  give  proof  that  fatigue  breaks 
are  normally  distributed, 

(b)  Extreme  values  play  a  predominant  part  and  should  if  possible 
be  accounted  for  by  choice  of  a  suitable  distribution, 

(c)  The  use  of  complex  distributions,  though  a  very  lengthy 
procedure,  would  appear  feasible. 

The  real  problem  vdth  any  statistical  test  is  that  a  largo 
amount  of  data  is  required  before  any  concrete  arguments  can  be 
vindicated  or  rejected  and  in  the  case  of  fatigue  tests,  sometimes  of 
long  duration,  the  data  required  is  not  readily  available. 
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CHAPTER  8 

FATIGUE  BEHAVIOIJR  AM)  ITS  RELATION  WITH 
ELASTIC  RECOVERY  PROPERTIES 

8.1.  Introduction 

From  previous  chapters,  and  in  particular  Chapter  5,  it  is 
clear  that  the  mechanical  dimensions  and  properties  of  twisted  yarns 
alter  as  a  fatigue  test  progresses  and  an  appro.ach  which  could 
forecast  when  a  particular  yarn  is  likely  to  break  would  be  a  valuable 
asset. 

When  a  yarn  is  subjected  to  repeated  stress,  it  is  not  very 
obvious  which  mechanical  properties  are  likely  to  be  affected  due  to 
cycling  and  several  factors  would  appear  to  combine  to  produce  the 
phenomenological  changes  which  occur. 

The  creep  properties  and  effect  of  stress  relaxation  over 
very  short  periods  of  time  during  each  cycle  vrould  seem  to  have  some 
effect,  but  one  property  which  probably  explains  a  lot  of  this 
behaviour  in  a  test  of  this  nature  is  that  of  elastic  recovery. 

By  using  elastic  recovery  curves,  the  stress-strain  properties  of  the 
yams  are  taken  into  account,  since  permanent  set  accruing  after  each 
cycle  is  directly  dependent  upon  recovery  from  the  imposed  strain. 

By  using  the  el.astic  recovery  curves  for  the  various  yarns 
on  a  Continued  basis  of  strain, recovery ,  greater  strain,  It^ss 
recovery,  an  empirical  approach  to  the  fatigue  limit  can  be  made 
#iether  that  limit  involves  breakage  quickly  or  slovdy.  To 
estimate  the  recovery  after  each  cycle  and  to  do  this  on  a  progressive 
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"basis  for  largo  numbers  of  cycles,  is  clearly  not  practicable 
manually  and  use  has  therefore  been  made  of  the  Atlas  computer, 

8,2.  Simple  Theoretical  Basis  of  Predicting  ^''atiguc  Behaviour 

If  we  assume  that  elastic  recovery  is  proportional  to  strain, 
then  on  the  first  cycle  at  a  certain  strain  e^ ,  a  certain  recovery 
r^  will  be  produced  corresponding  to  a  pe'  mnent  set  e^(l  -  r^) 
where  Ji  ^  is  the  initial  length  of  the  sample,,  After  the  first 
cycle ,  the  take-up  mechanism  comes  into  force  and  the  specimen 
length  increases  to  +  e^(l  - 

On  the  second  cycle  the  strain  (cg)  on  the  spcchnen  increases 
to  +  e^  (1  +  "t^his  will  produce  a  different  (slightly 

smaller)  value  of  elastic  recovery  (r^).  The  total  permanent  set 
after  the  second  cycle  will  be  given  by  e^,  (l  -  r2)  Jl  ^  and  in 
general  the  permanent  set  after  the  n^^  cycle  will  be  given  by 
e  (1  -  r  )  .  The  strain  for  the  n^^  cycle  is  e.  +  e  ^ (l  -  r 

In  this  simple  theory  several  assumptions  have  been  made  and 
these  are  listed  belovn  It  lias  been  assumed  that: 

1,  The  yarn  behaves  as  if  it  v,ere  undergoing  a  set  of 
gradually  increasing  strains,  the  recoveries  from  which  are  identical 
with  those  which  would  be  obtained  if  the  specimen  were  subjected  to 
one  cycle  at  a  specified  strain,  Diagrammatically  this  is  shown  in 

Pig. 123. 

In  case  (a)  the  theoretical  load- elongation  cycling  curve  is 
seen  to  be  continuous  from  zero  strain  up  to  the  breaking  point, 
whereas  in  case  (b),  successive  cycles  show  that  the  actual  curve 


l66, 

passes  through  slightly  lower  values  of  load  for  the  same  strain 
value.  It  can  be  seen,  hov/evor,  that  the  errors  involved  in  the 
theory  are  negligible. 

Secondly  it  has  been  assumed  tliat  the  recoveiy  after  (say)  the 
th 

n  cycle  is  dependent  only  upon  the  strain  and  recovery  on  the 

"th  "bll. 

(n-l)  cycle  and  although  these  values  deoend  on  the  (n-2)  cycle, 

no  account  is  taken  of  the  fact  that  the  recovery  on  the  n  cycle  may 

be  directly  governed  by  the  recovery  on  the  (n-2) cycle  and  previous 

cycles. 

Although  the  errors  involved  may  here  be  serious  it  is  diffi¬ 
cult  to  find  a  suitable  theoretical  treatment  to  deal  witii  this 
aspect. 

Lastly,  the  recovery  7/ill  be  governed  by  the  time  involved  to 
enable  recovery  to  take  place  and  although  this  time  is  maintained  as 
a  constant  percentage  of  the  cycle  (approximately  l/l2th) ,  in  the 
fatigue  test  the  effect  of  this  constant  time  for  recovery  on  different 
strain  levels  is  difficult  to  predict,  and  it  may  be  misleading  to 
say  that  the  time  conditions  are  equivalent  for  each  strain  level. 

From  the  observed  results  for  changes  in  length  during  the 
fatigue  test,  it  seems  there  is  a  need  to  separate  out  the  behaviour 
which  occurs  principally  due  to  elastic  recovery  in  order  to  determine 
the  effect  v/hich  fatigue  incurs. 

With  this  in  mind  and  despite  the  assumptions  referred  to 
above,  measurement  of  elastic  recovery  for  each  of  the  sanples 
was  carried  out.  At  first,  these  tests  Tvere  made  on  the  Instron 
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tester.  Several  rates  of  extension  were  bried  and  it  '.Tas  found 
that  the  best  conditions  for  testing,  in/olvcd  a  crossliead  speed  of 
10  cm/min,  and  the  maximum  cliart  spooo  ,  narely  ICO  c;'.'/..,;  n ,  If  higlier 
crosshead  speeds  were  used^  -che  irr'ccn.racies  duo  to  r..rnaal  operation 
at  high  speeds  and  the  diffiealiy  in  nease.rement  of  r'g.  recoveries 
(at  low  strains)  became  excessive. 

The  effect  of  rate  of  extension  on  clast io  u:  ’ery  for  a 

viscose  100/24  0  t.p.io  spccirucn  is  shov.n  in  Fig,  12’;. ,  i^'ive  tests 
were  made  at  each  rate  of  extension  and  the  arithmet.’e  moan  of  recovery 
is  plotted  for  each  strain  level.-  As  is  to  1;  expos. ’■  ■'  the  breaking 
extension  decreases  as  the  ro.te  of  extension  inoreaoo.-- 

Using  a  rate  of  extension  of  10  the  V:,/'  .es  of  elastic 

recovery  for  each  of  the  4  types  o.-^  yarn  with  6  val.r  c  f  tvdst 
factor  vvere  found.  The  me<?,n  of  4  specimens  was  tah-^-ii  as  the  best 

estimate.  Although  it  vwis  found  that  tv.dst  did  noi-  piay  an 
appreciable  part  in  determining  th.e  va.lues  of  clasti.o  '.’ecovery,  the 
differences  observed  justified  tliat  oistinctio.::s  should  be  made 
between  the  different  tv/ist  levels, 

Pigs.  125  and  126  sho'"  the  dj.f'ferences  betwee.a  tiia  0  and  65 
t.p.i,  for  the  4  yarns c 

In  general,  it  '-rould  appeac  tir-.t  .lighcr  :.ecr..  ••ery  values  occur 
in  more  highly  Wisted  yarns  ffr  rf  -■■i-'r.  -r  yarn  and 

this  may  be  expected  from  theories  of  the  mechaiVLCs  ci'  bvdsted  yarns, 
(The  closer  the  coils  of  a  h''3.ical  spring  tlie  tycator  v/.ill  be  the 
extent  of  recovery  from  an  imposed  deformation)- 
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The  difference  hotvAcen  the  synthetics  and  the  rayons  is 
certainly  very  obvious  and  even  in^re  interesting  is  tlie  significant 
difference  observed  between  the  elastic  recovery  properties  of  nj'-lon 
and  Tcrylcne, 

Due  to  the  influence  of  ra.te  of  extension  upon  recovery,  it 
was  decided  to  perfona  tests  for  elastic  recovery  on  the  fatigue  tester 
itself  so  that  a  relationship  could  be  obtained  for  rocoveiy  values 
which  would  correspond  more  ne.arly  to  actual  fatigue  tost  conditions. 
Fortunately,  although  the  original  design  of  the  machine  did 
not  anticipate  it,  the  fatigue  tester  v/as  found  to  be  capable  of 
measuring  elastic  recovery  values  vdth  a  fair  degree  of  accuracy  (~  ^) , 
By  measuring  the  increase  in  length  hji  after  the  first  cycle  at 

specific  strains,  the  elastic  recovery  can  be  calculated  from: 

Elastic  Extension  ,  5-^ 

Elastic  recovery  =  ^  "f  . . ^  ~  ° — 

Total  Extension  e 

where  e  is  the  total  extension  (in  units  of  length) , 

Difficulties  in  estimating  the  recovery  at  lov/  strains  v/as 
encountered  due  to  the  difficulty  of  accurate  measurement  of  b  ■2'  , 

The  error  due  to  the  take-up  mechanism  being  a  negative  one  relying 
on  gravity  and  the  sideways  movement  of  tlie  bi’ass  rod  supporting  the 
bottom  yarn  jav;',  both  contributed  to  produce  inaccuracies  which 
swamped  the  small  increase  in  length  vdiich  occurred  on  the  first  cycle. 
Pigs.  127  and  128  shov/  the  curves  for  the  0  and  65  t,p,i,  ranges. 
A  table  of  values  for  the  4  yarns  with  6  twist  ranges  is  given  in  the 
appendix. 

It  v/as  found  that  results  could  be  obtained  for  viscose  at 
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the  level,  Acetate  at  the  %  level,  Terylene  at  the  1 and 
Nylon  at  the  IC^  level.  Results  were  obtained  at  strain  levels  of 
intervals  from  zero  to  2%  for  each  of  the  4  yarns  at  the  6 
ranges  of  twist,  5  tests  v/ere  made  on  each  s-ample* 

Values  for  Terylene  at  %  and  nylon  at  1*%  were  taten  but 
found  not  to  be  totally  reliable  and  so  weve  discarded. 

It  must  be  noted  that  2%  is  the  maximum  strain  possible  on  the 
fatigue  tester  in  its  present  form  and  so  values  of  elastic  recovery 
from  strains  higher  than  this  figure  could  not  be  achieved;  however 
for  the  yarns,  the  breaking  extension  of  which  exceeded  this  region, 
the  shape  of  the  recovery  curve  is  clear  and  it  seems  reationable  to 
extrapolate  to  21,%  and  3C^»  Extrapolation  v/as  also  carried  out  at 
the  lower  end  of  the  curves  where  values  could  not  be  obtained.  In 
the  method  of  extrapolation  account  wras  taken  of  the  results  of  the 
Instron  tests  at  lower  rates  of  extension,  as  well  as  of  the  shape  of 
the  smooth  curve  through  the  observed  points. 

As  is  to  be  expected  the  breaking  extension  of  the  yarns 
decreases  with  the  increase  in  rate  of  extension  used  on  the  fatigue 
tester,  and  this  is  particularly  noticeable  in  the  cases  of  viscose 
and  acetate. 

Twist  in  general  seems  to  increase  the  elastic  recovery 
properties  of  all  the  yarns  but  the  effect  is  mcr'^  no-',  io" able  in 
nylon  and  Teiylene  than  the  rayons, 

•The  more  highly  -twisted  rayons  appear  to  break  ut  lower 
strains  than  the  lower  twisted  samples,  whereas  in  the  synthetic 
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yarns  this  effect  is  reversed.  This  is  presi:unably  due  to  the  different 
process  of  deformation  in  tv/isted  structures  of  the  two  types  of  yarn. 

Having  obtained  values  of  elastic  recovery  from  zero  strain  to 
the  breaking  point,  it  was  decided  to  fit  the  best  curve  through  these 
points,  So  tliat  a  systematic  theoi’etical  analysis  of  the  fatigue  results 
could  be  made.  By  inspection  it  seemed  that  a  reasonable  approxima¬ 
tion  to  the  shape  of  the  actual  recovery  curve  could  be  provided  by  a 
third  power  curve. 

By  the  method  of  least  squares  it  is  possible  to  find  the  best 
cubic  by  cubic  regressional  analysis.  This  method  is  very  tedious  and 
as  such  an  extensive  sot  of  data  was  available ,  the  Atlas  computing 
programme  A- 1001  was  used  to  profit.  Unfortunately,  the  library 
programme  was  originally  designed  for  the  Mercury  canputer  and  a  good 
deal  of  time  was  lost  in  modifying  it  to  suit  Atlas.  This  standard 
library  programme  gives  not  only  the  best  cubic  regressional  constants 
but  also  the  best  linear  and  quadratic  foms.  It  also  tabulate? s  an 
analysis  of  variance  of  the  observations,  Anotlxir  feature  of  the 
programme  is  that  it  is  possible  to  "ask"  the  computer  to  print  out 
fitted  points  and  this  facility  has  also  been  used  to  advantage.  The 
number  of  required  fitted  points  is  restricted  to  11,  presumably  due 
to  output  thne. 

As  some  of  the  data  contained  13  points,  the  last  11  points 
were  chosen  to  incorporate  this  facility. 

Where  the  range  of  fatigue  testing  did  not  cover  low  stroke 
levels,  it  was  decided  to  use  the  computer  to  consider  only  those 
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points  over  which  the  observed  data  applied  raid  this  v/as  done.  However, 
in  5  cases  this  meant  tliat  only  4  observed  points  v/ere  avdlable  and 
the  computer  must  have  5  points  as  a  minhiium,  otherwise  the  degrees 
of  freedom  at  one  stage  in  the  calculation  v/ould  be  zero  and  using 
this  as  a  divisor  is  fatal. 

In  all  ,67  sets  of  data  were  fed  to  the  computer  and  the  cubic 
regression  parameters  v/ere  found. 

The  seven  chapter  programme  fits  a  cubic  poljmomial  to  a  set 
of  given  data  by  the  method  of  least  squares.  The  best  linear  and 
quadratic  forms  are  also  given. 

The  data  are  first  modified  by  subtracting  the  means  of  the 
observations  x  and  y.  The  cubic  to  be  found  is  then: 


The  three  linear  equations  to  determine  b,  c  and  d  are  then 
formed  and  solved  by  straightforward  inversion  of  the  matrix.  In 
addition  to  giving  the  coefficients  b,  c  and  d,  the  programme  prints 
out  an  analysis  of  variance  table  in  standard  form  to  show  which 
regressions  are  significant.  It  also  gives  the  variances  and 
covariances  of  the  coefficients  and  prints  a  table  of  the  regression 
line  and  the  %  confidence  limits  for  specific  values  of  the  argument 
X, 

The  programme  is  restricted  to  200  points  and  to  not  more 
than  11  fitted  points. 

In  general,  for  any  set  of  data  of  5  points  or  more,  three 
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linear,  three  quadratic  and  three  cubic  regression  parameters  v/ere 
obtained  and  it  was  found  that  at  least  one  (hormally  a  cubic) 
regression  provided  reasonab]-’-  close  agreement  to  the  observed  data; 
this  statement  only  holds  for  the  range  of  extension  being  covered; 
outside  this  range  it  v/as  found  that  tlie  cubic  term  provoked  maxima 
and  minima  and  occasionally  points  of  inflexion,  as  is  to  be 
expected.  In  several  cases  the  curve  was  not  found  to  pass  through 
the  point  (0,l)  but  it  was  considered  that  this  was  not  necessary, 
provided  the  curve  fitted  the  data  over  the  range  investigated. 

Three  examples  of  the  closeness  of  fit  of  the  calculated 
values  are  given  in  Table  XXXIII. 


TABLE  XXnil 


Strain 

Viscose  10  tpi. 

1  Terylene  45tpi 

j  Nylon  45  t.p.i. 

CBS. 

'Pitted 

OBS. 

Pitted 

CBS. 

Pitted 

0,000 

- 

- 

_ 

0.025 

0.904 

0.397 

- 

0.050 

0.652 

0.679 

0. 935 

0.935 

0.993* 

1.006 

0.075 

0.580 

0. 546 

0. 878 

0.878 

0.990 

0.996 

0.100 

0.460 

0,474 

0.845 

0.812 

0.979 

0.977 

0.125 

0.437 

0.441 

0.7^6 

0.740 

0.978 

951 

0.150 

0.429 

0.425 

0.651 

0, 668 

0.920 

0.  920 

0.175 

0.400 

0.401 

0.559 

0.598 

0.879 

0.887 

0.200 

0.543  1 

0.556 

0.858 

0.85i|. 

0.225 

0.512 

0.486 

0.803 

0.822 

0,250 

0,456 

0.452 

0.802 

0.795 

0.275 

0.445* 

0.437 

0.775* 

0.774 

0.300 

i 

0.435  1 

0.447 

0.763 

0,762 

OBS.  =  Observed  Values 
Pitted  =  Pitted  Computed  Values 
s  =  Extrapolated 
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The  particular  regression  coefficients  used  in  these  cases 
are  shov/n  in  Table  XXXIV. 

TiiBLT;  XXXIV 


Cooffirini;t 

B 

C 

D 

Viscose  10  t.p.i. 

-1.928 

31.03 

-2.45 

Terylene  45  t.p.i. 

-2.863 

2.552 

44. 92 

Nylon  45  t.p.i. 

,  -  11  ,r 

-1.293 

-2.006 

23.83 

The  viscose  10  t.p.i,  values  are  intended  to  shov/  an  example  of 
a  bad  fit,  and  the  other  two  samples  to  shov/  a  reasonable  fit  to  the 
observed  values.  Fortunately  the  values  at  t?ie  initial  stroke  \vhe.re 
a  very  accurate  value  should  be  used,  do  agree  well,  but  later 
agreement  is  not  as  good. 

Having  obtained  the  regression  coefficients,  these  v/ere  then 
fed  in  as  data  into  the  prograirime  for  estimeating  length  and  number  of 
cycles  to  break, 

A  typical  programme,  vdth  additional  comments  is  illustrated 

belov/. 

The  programme  is  designed  to  print  out  values  of  strain, 
elastic  recovery  and  permanent  set  at  given  numbers  of  cycles. 

In  order  to  a\''oid  needless  thiie-wasting,  the  sets  of  data 
were  divided  so  as  to  make  6  programme  tapes,  the  division  being 
made  so  that  those  yarns  with  -in  expected  life  less  than  100  cycles 
were  computed  together. 
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mcGmm  for  fatigue  of  twisted  yarns 


JOB 

UTTX, BOOTH  2/4 
COMPILER  MiAC 
CHAPTERO 
Y->1 
X->2 
E->3 
read(p) 

Q-1(1)P 
EEAD(Y1) 

JUMPS, 0>Y1 
READ(X1  ) 

RE/lD(X2) 

read(b) 

READ(cj 
read(d) 

M=25(25)l25 
E=:0,C0IM 
¥=E 

E1  =:E-Xi 

Y=Y1+BE14CE1E1-CX2+DE1E1E1  ^  CALCUUT ION  OP  ELASTIC  RECO'/ERY 

X=10E-10EY 

PRINT (E)1  ,8 

PRroT(  Y)l  ,8 

PRINT  (X)1 ,8 

HEV^'LIIfE 

mMLim 

1=2(1)100 

PRINT  (1)6,0 

E2=P+X/10 

E3=E2-X1 

I=Y1  +BE3+CE3E3-CX2+DE3E3E3 
X=10E2-10E2Y 

PRINT (E2)  1,8  PRINTS  UP  TO  100  CYCLES 

PRINT (Y)1  ,8 
PRINT (X)1 ,8 

jump3,e2>  0.3 

REPEAT 

NEWLINE 

V=100 

W=1 

Af=200 

G=A' 

1  )V=V+1 
U'=100W+1 


^  INTROj)UCTlON  OP  CUBIC  PARAMETERS 
4—  SETTING  0]^^  INITLVL  STRAIN 
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E2=P+X/lO 

E3=E2-X1 

Y=Y1  +HE3+CE3E3-CX2+DE3E3E3 

X=10E2-10E2Y 

jirt«tP4,y=u' 

2) jUMPi  ,V/G 

PRINT  fv)  6,0  ^ 

PRINT (E2)1 ,8 

PRINT  mi  ,8 

PRIIfr(X)l  ,8 

NEmiNE 

JUMP3,E2>  0.5 

G=G+100W 

U=1000V/ 

JUMP1  ,U>  G 
W=10W 

JUMP3,G=100000 

G=WA' 

JUMP1  ,  1 00C00>  G 
4)  PRINT  (V)  6,  C 
PRINT  (E2)  1,8 
PRI1W(y')1,8 
PRINT  (X)  1,8 
NEV/LINE 
JUIvIP3,E2>  0.5 
JUl\tP3, ^=200000 
JUlvIPI  ,V/G 

3)  REPEAT 


REPEAT 

8)END 

CLOSE 

6 

0.90017 

0.0875 

V 

0.002 

Ji 

-0.9696 

-51.37 

-592.6 

0.85425 

0.1625 

0.003 

-2.167 

-3.790 

66. 91 

0.92580 

0.125 

n  r\m 


PRINTS  PROM  100  to  1000  AT 
INTERVALS  OP  100  CYCLES 


PRINTS  PROM  10^  to  10^  at 
INTERVALS  OP  1000  AND  AI^O 
PROM  ICA  TO  105  AT  INTERVALS 
OP  10,000 


miBER  OP  SETS  OP  DATA 

MEAl^  OBSERVED  RECOVERY  VAT.UE 
MEM  OP  DATA  POE  STRAIN 
MEM  OP  (x  -  35 
COEPPICIENT  B 
COEPPICIENT  C 
COEPPICIENT  D 
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-2.050 
-7.886 
30k. 0 

0.92267 

0.1375 

0.002 

-1.996 

-7.743 

178.4 

0. 90269 
0.150 
0.009 
-1.293 

-2.006 

23.83 


0.91383 

0.1625 

0.007 

-1.165 

-1.552 

25.73 

3Q£XZ  ~  EKD  OP  data  INSTRUCTIcr 


8^.  Results 

To  “bring  out  some  of  the  facts  gained  from  the  figures 
provided  hy  the  computer,  two  sets  of  results,  those  for  viscose 
10  t.p.i.  and  nylon  10  t.p.i.  mil  he  considered. 

The  values  of  strain,  elastic  recovery  and  permanent  set 
(centimetres)  at  specific  numbers  of  cycles  and  for  increasing 
stroke  levels  are  given  in  Tables  XXXV  ani  XXXVI,, 

Values  of  the  increments  in  strain,  elastic  recovery  and 
permanent  set  (cm)  between  successive  cycles  are  also  g:i.ven.  When 
the  figure  zero  appears  in  the  increment  column,  -liis  means  that 
the  difference  betvireen  values  on  that  cycle  and  the  previous  one 
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—  O  U 

is  less  than  10  ,  Hov;uver,  as  the  test  was  continued  until  10^ 

cycles  and  no  change  occurred  it  can  be  assumed  that  no  change 
-12 

greater  than  10  is  observed  for  the  greater  part  of  the  test, 

(l2  is  the  maximum  number  of  di;cimal  figures  which  the  computer 
carries  in  its  calculation). 

When  the  elastic  recovery  values  become  negative  and  the 
permanent  set  starts  to  grow  rapidly  (clearly  not  feasible) ,  the 
computer  moves  on  to  the  next  set  of  data.  This  is  quite  in  order 
and  indicates  that  the  yarn  theoretically  lias  broken. 

It  ms.y  be  noticed  that  the  initial  values  for  elastic  recovery 
at  all  stroke  levels  in  the  case  of  Viscose  10  t.p.i.  differ  slightly 
(up  to  ^o)  from  the  values  tabulated  in  Table  XXXIII,  The  reasons 
for  this  are  put  dovm  to  the  fact  that  in  transferring  the  coefficients 
and  the  means  of  data  from  one  programme  to  the  next,  rounding  errors 
are  introduced.  This  argument  would  particularly  apply  to  the  term 
(x  -  x)^  which  is  printed  as  0.000  in  the  cubic  regression  parameters 
but  which  will  probably  have  a  value  greater  than  0.00005  v/hich  is 
not  taken  into  account  in  the  second  programme.  This  is  a  source  of 
error  which  is  difficult  to  correct  in  tiiat  the  initial  cubic 
regression  programme  would  need  to  be  altered  to  print  out  more 
accurate  coefficients,  which  would  in  turn  alter  the  parameters  used 
in  estimating  fatigue  life.  As  this  flaw  was  detected  at  a  very 
late  stage  in  the  v/ork,  it  v/as  neglected  and  it  is  reasonable  to 
assume  that  the  trend  and  to  a  great  extent  the  accuracy  of  the 


results  is  maintained. 
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Ti\BU]  XXXV 

Computed  Values  for  Viscose  10  t.p.i. 


Stroke 

No.  of 
Cycles 

Strain 

Elastic 

Recovery 

Permanent 
Set  P 

As 

ZlR 

Ap 

N 

S 

R 

(cm) 

2^ 

1 

.0250 

.9123 

.0219 

2.3x-10‘^ 

2 

.0272 

.(3892 

.0301 

8.0x10  ^ 

fe.  2x10“ 

5. 5x10 

5 

.0285 

.8761 

.0353 

1.3x10“^ 

IJ1.X.IO  ^ 

10 

.0286 

.8751 

.0357 

1.6x10“^ 

1.6x10'*^ 

6.7x10“ 

18 

.0286 

.8751 

.0357 

0 

0 

0 

% 

1 

.0560 

.1528 

2 

.0653 

.6042 

.2563 

1.5xl0"^ 

9.0xl0‘'^ 

l.lxio” 

.0758 

00 

• 

-2 

-2 

i 

3 

.3353 

l.lxlO 

4-7x10 

7. 7x10 

4 

.0835 

.5309 

.3919 

7.7x10“^ 

2.7x10“^ 

/ 

5. 6xl0‘‘ 

5 

.0892 

.5144 

.4331 

5.8x10  ^ 

Ir6xl0"^ 

4.2xl0"‘ 

10 

.1010 

.4878 

.5172 

l.lxlo"^ 

2.0x10"^ 

7.4x10  ' 

20 

.1034 

.4835 

.5339 

2.9x10“^ 

5.0x10*^ 

P.Oxin"'^ 

30 

.1034 

.4334 

.5344 

8.4x10"^ 

1.3xl0''^ 

5.3x10"^ 

52 

.1034 

.4834  i 

.5344 

0 

1 

0 

0 

1 

.0750 

.561c 

.3292 

2 

.1079 

.4762 

-5652 

3.3x10'^ 

8. 5x].0“^ 

2.4x10“^ 

-2 

-2 

3 

.1315 

.4520 

.7207 

2.U10  \ 

2..VX10 

1,7x10 

4 

.1471 

.4421 

.8206 

1.6xlC"^ 

l,0:cl0“^ 

l.Oxlo"^ 

5 

.1571 

.4351 

.8872 

l.Oxlo"^ 

7.0x10"^ 

r 

6,7xl0"' 

10 

.1769 

.4133 

1.0381 

2.5x10“^ 

3.3x10“^ 

r 

1.9x10"" 

-5 

-2 

20 

.1899 

.3888 

1.1610 

1.1x10  ^ 

2.5x10 

1.2x10 

30 

.2130 

.3141 

1.4610 

5.3x10“^ 

2.Lxl0"^ 

r 

8.2x10  " 

33 

-ve 

(Cont '  d) . 
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TABLE  mvi  (Cont'd) 


Stroke 

No.  of 
Cycles 
N 

Strain 

S 

Elastic 

Recovery 

R 

Permanent 
Sot  P 
(cm) 

AS 

AR 

AP 

l(fo 

1 

.1000 

.4897 

..5104 

2 

.1510 

.4395 

.  8466 

5.1x10"'^ 

5.0x10“^ 

3.3xl0"^ 

3 

.1847 

.4000 

1.1079 

3.4x10"'^ 

3. 9x10“^ 

2.6x10"^ 

4 

.2108 

.3233 

1.4265 

2.6xl0"^ 

7.6x10”^ 

3.2x10"^ 

3 

.2426 

.1340 

2.1012 

3.2xl0”^ 

1. 9xl0“^ 

6,8x10  ^ 

6 

-ve. 

12^0 

1 

.1250 

.4570 

.6787 

2 

.1929 

.3817 

1.1925 

6.8x10  ^ 

7.6x10"^ 

5.2x10"^ 

3 

.2442 

.1209 

2.1471 

5.2xl0'^ 

2. 6xl0”^ 

9.5x10"' 

4 

-ve. 

13? 

1 

.1500 

M02 

.8398  1 

-2 

-1 

2 

.2340 

.1984 

1.8755 

8.3x10 

2.4x10 

1.04 

^  1 

1 

.-ve. 

1 

TABLE  XXXVI 


Computed  Values  for  Nylon  10  t.p.i. 


No.  of 

Elastic 

Pemanent 

As 

Ar 

Stroke 

Cycles 

Strain 

Recovery 

Set  p 

Ap 

N 

S 

R 

(c^n. ) 

IC^ 

1 

.1000 

.9699 

.0301 

2 

.1030 

.9670 

.0340 

3,0x10“^ 

2.9x10"^ 

3. 

3 

.103i^ 

,  9666 

.0345 

3.9x10"^ 

3.7x10“^ 

5. 3x1""'* 

4 

.103/f 

.9666 

.0346 

5.3x10"^ 

5.4x10"^ 

7.4x10"^ 

5 

.1035 

.  9666 

.03^^6 

7.3x10"^ 

c 

7.5x10" 

l.Oxlo"^ 

8 

.1035 

.  9666 

.0346 

0 

0 

0 

12-^5 

1 

.1250 

.9380 

.0775 

2 

.1327 

.9230 

.0996 

7.7x10"^ 

1.3x10“^ 

2.2xl0"^ 

3 

.1350 

.9210 

.1066 

2.3xin"'^ 

-3 

A.Oicin  ^ 

7.0x10"^ 

4 

.1357 

.9198 

.1088 

7.0x10“^ 

1.3x10“^ 

2.3x10  ^  1 

5 

.1359 

.  9193 

.1096 

2.3x10  ^ 

4.2x10“^ 

7.5x10"^ 

10 

.1360 

.9191 

.1100 

1.2x10''^ 

,  -6 
1.6x10 

2. 9x10"^ 

16 

.1360 

.9191 

.1100 

0 

0 

0 

1 

.1500 

.8919 

.1620 

p 

2 

.  1662 

.8575 

.2368 

1.6x10 

3.4x10" 

7.4xl0" 

3 

.1737 

.8410 

.2761 

7.5x10“^ 

1.7xl0"^ 

4.0x10"^ 

4 

.1776 

.8322 

.2930 

4.0x10"^ 

8. 8xl0"^ 

-2 

2. 2x10 

5 

.1798 

.8274 

.3104 

2.1x10"^ 

^.9xl0"^ 

1.3x10"^ 

10 

.1826 

.8211 

.3265 

1.4x10“^ 

3.2x10  ^ 

8.4xl0"^ 

20 

.1828 

.8207 

.3277 

7.1x10'^ 

-6 

1.6x10 

4.2x10"^ 

33 

.1828 

.8207  j 

.3277 

0 

0 

0 
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Looking  at  Table  XXXV,  tlie  results  for  tlie  viscose  yarn,  it 

would  appear  that  at  Uic  2-^  stroke  level,  the  yarn  clastic  recov^-ry 

reaches  a  limiting  value  of  0. 8571  after  18  cycles  (b;-  a  limiting  value 

is  meant  a  value  differing  from  its  predecessor  by  less  tlian  10  ) , 

For  tlic  ^0  level,  this  limiting  value  h.as  ^Ir'opped  to  aft^r  52 

cycles.  The  7^  stroke  indicates  tiiat  a  break  should  liave  taken  place 

before  33  cycles.  If  the  yarn  were  merely  behaving  as  a  specimen 

under  progressive  cuniulative  extension  up  to  the  breaking  extension 

(say  17^),  then  the  break  could  be  forecast  after  9  cycles,  the 

permanent  set  on  the  8th  cycle  being  0.9^99  cm,  and  the  stroke  0.75  cm. 

In  a  similar  way  a  break  could  be  expected  after  the  3rd 

cycle,  when  the  IC^  stroke  is  used.  Referring  to  the  Nylon  results 

in  Table  XXXVI,  the  limitiig  value  of  elastic  recover^’-  for  the  three 

stroke  levels  is  0.9666,  0.9191  and  0.8207  respectively. 

Pigs. 129  and  130  show  the  differences  between  observed 

changes  in  length  and  the  theoretical  changes  predicted  by  the 

computer,  the  theoretical  curves  all  lying  belov/-  the  observed  values 

with  the  exception  of  Viscose  10  t.p.i.  at  the  10^  stroke  where  break 

is  predicted  (and  occurs)  after  3  cycles,  and  at  the  7^  stroke  where 
the  actual  breaking  extension  is  8G^o  of  die  theoretical  value. 

Por  clarity,  the  limit  values  a.re  reproduced  in  Table  XXOvVII 

and  the  values  for  number  of  cycles  to  break  for  viscose  at  stroke 

levels  of  1^0  and  12:^  are  included. 

The  results  for  acetate  and  Terylene  are  not  shSswn,  but  their 

general  behaviour  is  typified  by  the  viscose  and  nylon  results 

respectively. 
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TABLE  XXXVII 


Stroke 

E 

E* 

N 

N' 

Viscose 

2^0 

9.8 

2.857 

26007 

Never 

10  t.p.i. 

18.6 

10.34 

47 

Never 

iWo 

14.4 

Breaks 

7 

8 

la/o 

17.8 

Breaks 

3  or  4 

3 

- 

Breaks 

2 

2 

Nylon 

IC^ 

18.8 

10.346 

13274 

Never 

10  t.p.i. 

12^ 

20.9 

13.600 

170 

Never 

24.0 

18.277 

16 

Never 

Breaking  Extension  (instron  Values) :  Viscose  10  tpi,  l6,9Q^ 

nylon,  10  tpi,  24.7^ 


E  =  Fatigue  tireaking  extension  {%) 

E’  =  Computed  limiting  value  of  extension  {%) 
N  =  Observed  Number  of  cycles  to  break 
N'  =  Computed  number  of  cycles  to  break 
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Even  from  this  very  liiiiited  set  of  results  it  is  clear  that 
there  appears  to  be  a  theoretical  limiting  extension  beyond  which  the 
yarn  should  not  go ,  despite  vrfiich  fact  the  obsei’ved  results  do  show 
that  breakage  occurs  at  large  nujubers  of  cycles.  It  is  thus  clear 
that  the  effect  of  rejxBated  cycling  produces  fatigue  effects,  quite 
apart  from  the  effects  produced  by  considcr’ations  of  elastic  recovery, 
8,4.  Study  of  Theoretical  Limits 

If  it  is  assumed  for  simplicity  that  a  linear  relationship 
between  recovery  and  strain  exists,  then 

r  =  1  +  a  -  be 

where  a  and  b  are  constants. 

Then  the  strain  after  n  cycles  is  given  by: 


e  = 

P 

+  e  ^ 

^  J 

'  n-1 ' 

n 

n-1 

e^ 

CD 

(be  -  a) 

^  n-1  ^ 

,  2 

1 

n-1 

e . 

-  ae  ^ 

+  be  . 

1 

n-1 

n-1 

If  there  is 

a 

limiting 

extension, 

then  e  = 
n 

'^n-l 

e  =  e .  -  ae  .  +  be  ^ 
n-1  1  n-1  n-1 


be 


D  /  -  (a  +  ^)  (e  )  +  e  = 
n-1  ^  n-r  1 


0 


Solving  for  e^_^ 


(1  +  a)  i 


4be^ 


^n-1 


2b 


At  the  critical  condition: 


(1  +  a)  =  4be^ 
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1  1  +  a  1 

and  e  .  =  — 

n-1  2Td  (1  +  a) 

Wlien  e,  =  0.1,  e  ,  = 

1  ^  n-1  1  +  a 

We  can  now  tabulate  strain  (e  .)  and  recovery  (r  )  for 

^  n-r  n-r 

various  values  of  a,  using  the  fact  tl'iat  at  the  critical  condition 
b  =  (1  +  a)V^e^. 

The  h3rperbolic  curve  shown  in  Pig,  131  joins  the  plotted  points 
for  recovery  against  strain  and  this  shows  that  if  a  yarn  is  strained 
to  a  certain  value  and  the  recovery  value  at  that  strain  falls  in  the 
area  to  the  right  of  the  hyperbola  (Area  A) ,  then  a  limit  will 
occur  and  no  further  increase  in  extension  v/ill  take  place. 

Unfortunately  the  converse  does  not  hold  that  if  the  values 
of  recovery  for  certain  strains  stay  within  Area  B,  then  the  yarn 
vd.ll  break. 

Although  a  linear  relationship  between  strain  and  recovery 
has  been  assumed,  tlnere  is  no  reason  to  assume  that  quadratic  or 
cubic  relationships  alter  the  situation  except  in  dimensions. 

Discussion 

Although  no  conclusive  results  have  been  obtained  from  this 
simple  theoretical  study,  certain  facts  in  the  behaviour  of  the  yarn 
have  come  to  light  and  been  partially  explaired.  It  v/ould  seem 
apparent  that  to  obtain  r.  more  accurate  estimate  of  fatigue  life, 
more  points  vv^ould  need  to  be  used  in  estimation  of  the  elastic 
recovery  curves.  Another  possible  v/ay  of  finding  the  best  fit  to 
these  points,  apart  from  polynomial  regression,,  is  by  interpolation 
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over  the  range  required. 

The  discrepancy  between  the  theoretical  and  the  observed 
values  for  clianges  in  length  certainly  indicates  that  effects  other  than 
those  due  to  the  property  of  elastic  recovery  are  taking  place  during 
a  fatigue  test  and  this  is  in  line  wltli  comments  made  on  the  change 
in  modulus  and  geometrical  structure  whicli  are  evident  as  the  test 
progresses. 
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CmiPTSR  9 

CONCLUSIONS 

9*1.  General  Conclusions 

The  viscoelastic  natui'c  of  textile  materials  renders  their 
fatigue  properties  difficult  to  assess  and  the  present  v/ork  represents 
a  small  contribution  to  the  overall  picture  of  how  fatigue  in  twisted 
yams  can  be  brought  on  to  a  quantitative  as  well  as  a  qualitative 
basis. 

In  the  initial  stages  of  the  work,  a  constant  stroke  fatigue 
tester  was  designed  and  found  a  limited  use  but  as  the  v/ork  has 
progressed,  a  second  fatigue  tester  incorwrating  more  facilities  has 
been  constructed  and  has  performed  the  large  majority  of  the  testing 
programme. 

Prom  the  results  of  length  and  stress  changes  during  the 
course  of  a  test,  several  conclusions  can  be  drawn.  One  fact  to 
come  out  of  the  data  is  that  the  yarns  break  due  to  fatigue  at  compa¬ 
ratively  low  extensions,  in  mfoiy  cases  at  60  or  7C^  of  the  breaking 
extension  values  as  measured  on  the  Instron  tester.  As  may  be 
expected,  the  greater  part  of  the  increase  in  specimen  length  takes 
place  in  the  first  100  cycles  and  after  this  a  linear  increase  with 
log  (time)  is  observed  up  to  near  the  breaking  point  where  a  further 
slight  rise  is  observed. 

Stress  increases  of  the  order  of  lOC^  have  been  observed 
between  the  commencement  of  a  test  and  breakage ,  except  for  the 
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casGs  of  viscosG  ana  acetate  at  low  stress  levels  j'wbo re  only  a  small 
increase,  approximately  IC^,  is  noticed. 

The  effect  of  stroke  level  is  very  important  and  the  value 
chosen  is  one  of  the  major  factors  which  determines  the  life  of  the 
specimen. 

An  increase  in  twist  factor  in  general  increases  the  fatigue 
life  of  the  yarn  although  this  statement  cannot  be  generalised  because 
yarns  wdth  tv/ist  factors  highi^r  than  9!3  have  not  been  examined.  An 
exception  to  this  rule  applies  in  the  case  of  the  low  twist  raw 
yarn,  where  the  loose  geometrical  structure  gives  rise  to  progressive 
filament  brealcage  and  where  it  is  likely  that  a  different  fatigue 
mechanism  is  operative. 

Prom  photomicrographs  of  the  fatigued  filaments  in  fractured 
yarns,  it  appears  that  small  surface  flaws  ai-e  propagatecl  to 
and  finally  to  rupture  due  to  repeated  stress.  The  acetate  and 
viscose  samples  tend  to  show  a  fracture  perpendicular  to  the  filament 
axis,  whereas  in  the  nylon  and  to  a  lesser  extent  the  Terylene  samples, 
it  is  likely  that  shearing  has  taken  place  either  v/e].l  before  the 
actual  break  or  else  at  the  time  of  break  itself, 

A  proposed  mechanism  of  fatigue  fracture  for  nylon  has  been 
presented  but  a  good  deal  more  information,  particularly  concerning 
internal  lattice  shearing,  vrould  be  necessary  before  the  proposal 
could  be  vindicated. 

Statistical  assessment  of  the  results  of  fatigue  failures 
has  been  undertaken  and  although  in  many  cases,  simple  distributions 
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can  be  used,  it  is  considered  that  a  complex  distribution  such  as 
the  Yifeibull  is  necessary  if  extreme  values  are  to  bo  e::plained 
satisfactorily, 

Finally  a  simple  model  of  a  fatigue  test,  based  upon 
successive  values  of  elastic  recovery  for  the  yarns,  has  bson  used. 
Agreement  between  the  observed  and  the  cor  'uted  values  is  poor  but 
the  possibility  of  theoretical  non-breakago  has  been  realisedc 
2i2.  Proposals  for  Future  Development 

With  slight  modifications,  the  fatigue  teste::'  could  be 
improved  still  further  and  additional  facilities  such  as  a  memory 
device  to  enable  readings  of  length  and  stress  at  the  actual  breaking 
point  could  be  introduced^  A  deeper  investigation  into  the 
structural  changes  which  take  place  as  a  result  of  fatigue  could  be 
undertaken  and  particularly  in  the  case  of  microscopy  may  prove  very 
frmtful. 

To  progress  further  on  a  statistical  or  analytical  basis, 
many  more  results  would  need  to  be  available  and  although,  this  would 
be  a  valuable  step  for^vard,  the  nature  of  a  fatigue  test  I'ends  to 
prohibit  large  samples. 


RSmSIOS 


B9. 

1.  French,  H.J.  ,  Fatigue  and  the  hEirdening  of  Steels, 

Trans. A.S. S. T. ,  1933. 

2.  Vidal,  G-. ,  Sur  les  methods  rapides  de  determination  dc  la  limit 

de  fatigue  dos  inetaux  et  alliages, 
Hecherche  Aeronautique ,  No, 34,  July  1953. 

3.  Prot,  E.M. ,  Essais  de  fatigue  sous  cbirge  progressive, 

Rev.Met. ,  Dec. ,  1948 

4.  Modern  Plastics  1947,  Vol.l,  p.7^54 

5.  Engineer,  204:  522-3,  0  11  1957 

6.  Havenhill,  R.S.,  Physics,  7,  179,  136 

7.  G-ough  and  Parkinson,  Trans. Inst. Rubber  Industry,  17,  I684  1941 

8.  Dillon,  J.H.,  Prettyman,  I.B.  &  Hall,  G.L, ,  J.Appl.Phys. ,  15,  309, 

1944 

9.  Springer,  A.,  Rubber  Chem.  &  Teclinology,  18,  71,  1945. 

10.  Roberts,  O.L.,  India  Rubber  World,  100,  31,  1939 

11.  Owen,  O.W.,  India  Rubber  World,  114,  4,  07/1946,  p.5l9 

12.  Goy,  R.S.  et  al« ,  Proc, Inst. Rubber  Ind. ,  1958,  p. 20-33 

13.  Bradshaw,  W.H. ,  A.S.T.M.Bull.  ,  Oct, 1945,  p.l3 

14.  Buchan,  J.,  B. N.S. Outlook  No. 3  ,  Summer  1958,  and  'ingiic  ering 

Materials  &  Design,  March  1959 

15.  Entvdstle  et  al, ,  Courtaulda  Ltd.  Publication  No.  12,  1958 

16.  Wilson,  M.W.,  Textile  Research  Journal,  1951,  p.47-54 

17.  Hannel,  J.W. ,  Man-made  textiles,  36,  424,  10/l959,  p.50 

18.  Hiramelfahrt,  D. ,  Modern  Textiles,  38/04/1957,  0.46. 

19.  Hartley,  T.R,,  Proc. Inst .Rubber  Ind.  ,  1956,  32,  2.,  p.76 

20.  Wilson,  Taopi,  43,  2,  I96O,  p.l29 


90 


21.  Reeves,  E.D.,  Textile  ivlerciiry,  L!f0,  3^50,  20/03/l959,  p.391 

22.  Anon.,  Textile  Mercuiy,  119,  3113,  P*7B7 

23.  Mailer}’',  G.D.,  Textile  Researcli  Journal,  1951,  y. 47-54 

24.  Quintelier,  P.  ,  Ann.Sci.Text.Boig. ,  3/09/l960,  p.7-29 

25.  Textile  Industries,  119,  03/l955,  p.53,  l69 

26.  Redmond,  G.B. ,  Trans, Inst. Rubber  Ind. ,  i960,  36,  No. 3,  p.71 

27.  Hamburger,  W,  ot  al.,  Textile  Research  Journal,  March  I96O 

28  Lyons,  YLJ.  and  Prettyman,  I.B. ,  Textile  Research  Journal  1953, 

p.917 

29,  Baker,  A.,  and  Swallow,  J.E.,  Royal  Aircraft  Establishment 

Tech.Note  Ko.Chem. 1355 ,  Nov„1959 

30,  Swallow^,  J.E.,  Royal  Aircraft  Establishnent  Tech.Note  No, 

Chem.1381,  March  I96I 

31,  Yfaller,  R.C,  and  Roseveare,  I.E.,  J.Appl.Phys,  ,  1946,  p,482 

32,  Hermans,  P.H.,  J.Phys.Chem. ,  45,  827,  1943i 

33,  Meredith,  R,  and  Pierce,  P.T.,  J. Textile  Irish.,  1948,  T1  59 

34,  Owen,  A.E,  and  Oxley,  A.E.,  J.T.I,,  1923,  T.I8 

35,  Usenko,  V.A.  and  Murav*  eva ,  K.N, ,  Teclmology  of  the  Textile 

Industry  USSR,  I96O,  No.l,  p,40 

36,  Dischka,  G. ,  Acta  Tech. Acad. Sci. Hungary,  1956,  14,  Nos.l  and  2, 

p.  79-93 

37,  Voyevodin,  N.P. ,  Tekstil  Prom,,  1958,  18,  p,59 

38,  Kargin,  A,  et  al, ,  Dokl.Acad.Nauk,  USSR,  1958,  p.668 

39,  Dillon,  J.H.,  lUnerican  Dyestuff  Reporter,  1947,  36,  p. 385 

40,  Roff,  Vf.J.,  Fibres,  Plastics  &  Rubbers,  Butterworth  Press,  1956 

41,  Lyons,  Y^.J.,  Paper  presented  at  '(iie  31st-.AniiU!>.l  Mooting  of  the 

T.R.I.,  NowYork  City,  ibtn  196i 


91. 


42.  li/ons,  W.J.,  Fatigue  in  textile  fibres,  Part  I,  Textile  Research 

Journal,  June  1962. 

43.  Lyons,  V/.J.,  Fatigue  in  textile  fibres,  Part  II,  Textile  Research 

■^ournal,  July  1962 

44.  Lyons,  Y/.J.,  Fatigue  in  textile  fibres,  Part  III,  Textile 

Research  Jeurml,  September  1962 

45.  Nandory,  G. ,  Variation  of  tJic  stress-strain  properties  of  cotton 

tyre  cords  as  a  function  of  twist, 

Ma.gj’-ar  Tckstil,  1959,  No.  7,  p.279 

46.  Goy,  R.S..,  Effect  of  cord  tvast  on  tyre  fatigue,  'Textile 

Iv'lercuiy,  136,  3559,  2l/o6/l957,  p.l053 

47.  Leblanc,  M.  ,  Testing  a  woollen  yarn  by  an  appirufcus  v/hich  submits 

it  to  repeated  extensions,  L 'Industrie 
Textile,  1952,  duly,  p.36l 

48.  Fujino  et  al..,  A  study  on  fatigue  of  tyro  cords.  Series  of  papers 

1955-8,  J. Text. Mach. Soc. ,  Japan 

49.  01<ayijna,  S.  and  Kikuchi,  T.  ,  Fatigue  and  depolyrnerisation  of  tyre 

cord,,  Chem.Abstr.  ,  1959,  No. 2,  No. 9713 
from  Kogyo  Kagaku  Zasshi,  60,  756-9,  1957 

50.  Quintelier,  P,  and  ’Yarzee,  M. ,  Effect  of  fom  of  cabling  on  the 

meclminical  properties  and  fatigue 
resistance  of  rayon  cord  for  tyres, 

Ann. Sci. Text, Belg. ,  March  1956,  No,l,p,ll5 

51.  YVegener,  vY, ,  Series  of  article  on  dynamic  testing  of  cords,  1952 

onwards.  Influence  of  various  combinations 
of  trwist  (preliminary  and  final)  on 
strength  and  elongation  properties  of 
tyre  cords,  Melliand  Textilber. ,  I960, 

41,  7,  804-12 

52.  Mauvisseau,  Contribution  to  the  study  of  fatigue  strength  of 

fibrous  high  polymers,  Bull, Inst. Text, 
France,  1955,'’No. 51 ,  p. 47-78 

53.  Sajmassy,  T,  ,  The  fatigue  of  yarns  caused  by  repeated  stresses. 

Hung,  Tech. Abstr. ,  1953,  5,  No, 3,  p.8l 

54.  Prevorsek,  D.  and  Lyons,  vY.J.,  Analysis  and  intei-pretation  of 

of  fatigue  data  in  single  fibres. 

T, R. I, Confer once ,  March  I963 


92. 


55.  Frank,  F.  and  Singleton,  R.Y/, ,  A  study  of  factors  influencing  the 

tensile  fatigue  behaviour  of  yarns, 

T.R. I. Conference,  March  I963 

56.  El-Behery,  Ph.D.  Thesis,  1959,  Manchester  University 

57.  Thakur,  V.M. ,  Ph.D.  Thesis,  1959,  Manchester  University 

58.  Louis  Newmark  Ltd,  publication.  Prefect  V/orks,  Purley  Yfay,  Croydon 

59.  LUders,  V/,,  Singlers-Polytech. Journal ,  155,  lS-22,  186G 

60.  Taylor,  G.I.,  Proc.Roy.Soc.  ,  A  145,  I-I8,  133K 

61.  Zaukelies,  D.A.,  J.Apol.Phys.  ,  33,  9,  p.2797,  19^2 

62.  Weibull,  V/'.  (Ed,),  Fatigue  testing  and  analysis  of  results, 

Pc rgamon  Press,  196I. 

63.  Freudenthal,  A.M.  and  Gumbel,  E.J.,  Physical  and  statistical 

aspects  of  fatigue,  J.Appl.Mech,  4,  195^ 

64.  Eyring  et  al, ,  Proc.Nat.Acad.Sci, ,  Washington,  34,  298, 

65.  Freudenthal  and  Gurnbel,  J.Amer. Statistical  Soc, ,  49,  575  (l954) 


APPENDIX 


Elastic  Recovery  Values  (EatiKue  Tester  Results) 
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Appendix i  Personnel  and  Expenditure 


The  work  described  in  the  report  was  carried  out  by- 
Mr-  A.  J.  Booth,  B. Sc. Tech.,  and  I4r.  0.  N.  Bose,  B.Sc.,  B. Sc  .Tech., 
under  the  supervision  of  Dr.  J.  W.  S-  Hearle,  M.A.,  Ph.D.,  F.Inst.P., 

F.T.I. 

The  man-hours  spent  on  the  -oroject  were  approximately  2,000 
hours  by  Mr.  Booth,  2,000  hours  by  Mr.  Bose  (supported  only  in  part 
from  contract  funds)  and  200  hours  by  Dr.  Hearle,  plus  the  services 
of  typists  and  laboratory  and  workshop  technicians. 

Material  costs  were  in  the  region  of  £200. 

The  work  forms  part  of  a  wider  programme  of  work  on  the 
mechanics  and  structure  of  twisted  yarns,  being  carried  on  under  the 
direction  of  Dr.  J.  W,  S.  Hearle. 


